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Abstract
Rivers and other channels containing liquid flow develop meandering patterns over different media and across
a broad range of scales. For example, alluvial rivers form and evolve by erosion and deposition of sediment,
and by interactions with riparian vegetation. Meandering channels also form in bedrock where the driving
processes include dissolution, abrasion by sediment particles, plucking of bedrock, and weathering. Rivulets
on a plane can also meander due to an instability associated with surface tension, and channelized flows over
ice surfaces also develop meandering patterns due to differential melting.
In spite of the differences in size and underlying mechanisms, similarities in planform and channel morphology
exist across media and scale, suggesting that there is a common underlying framework of river meandering.
This dissertation focuses in two types of meandering channels, namely, mixed bedrock-alluvial meandering
channels, and meltwater meandering channels. Experimental work was conducted to advance the current
understanding of the processes and characteristics of these two types of meandering rivers. Specifically, this
dissertation answers the following questions:
1. How does alluvial cover, as it relates to sediment supply and channel curvature, affect the zones of
potential erosion in mixed bedrock-alluvial meandering rivers?
2. What is the role of alluvial cover fluctuations in erosion in mixed bedrock-alluvial meandering channels?
3. How does hydraulic roughness in a bedrock river change under different sediment supply scenarios and
how do these changes relate to the ratio of areal alluvial cover to total bed area averaged over a reach?
4. How can the composite roughness, including the effect of bedrock and alluvium in a channel of complex
shape, be better described and quantified so as to inform numerical models?
5. How do meltwater meandering channels form and evolve?
6. What are the characteristics of meltwater meandering channels and what is the degree of similarity
between them and meandering channels in other media?
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Chapter 1
Introduction
“In the present state of hydraulic science it is impossible to define the quantitative relation between the ten-
dency of swift threads of current toward a bank and the consequent erosion...” (Gilbert, 1884)
The argument made at the time of Gilbert and before his day by fellow researchers, was that meandering
rivers flowing north and those flowing south were ‘severely thrown’ towards the east or west banks respec-
tively, due to the Earth’s rotation. Gilbert (1884) presented an analysis of the effect of stream curvature on
flow velocities. His results were not conclusive and therefore, in the closing remarks of his paper wrote the
phrase quoted above.
Lots of progress has been made in the study of meandering channels since G.K. Gilbert declared that the
current state of science did not allow definition of the relation between stream velocity and channel bank
erosion. Even today, however, many processes related to the formation and evolution of meandering patterns
in different media and across many different scales are not completely understood.
This dissertation focuses on two specific types of meandering channels, namely, mixed bedrock-alluvial me-
andering channels, and meltwater meandering channels on ice. It advances the current understanding of the
processes by which mixed bedrock-alluvial rivers undergo erosion by saltating sediment particles, and on the
formation and evolution of meandering channels over ice surfaces.
The dissertation has been structured as a series of journal manuscripts. Each chapter is a separate manuscript
which has either been submitted or is in preparation. Appendices are included at the end of the dissertation.
Except for one appendix, the rest have information that is common to two chapters. Therefore, the material
was included at the end so as to avoid unnecessary repetition.
Chapter 2: This chapter presents the experiments on alluvial cover conducted in the highly sinuous Ki-
noshita meandering flume. It addresses the following two research questions: (1) How does alluvial
cover, as it relates to sediment supply and channel curvature, affect the zones of potential erosion in
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mixed bedrock-alluvial meandering rivers? (2) What is the role of alluvial cover fluctuations in erosion
in mixed bedrock-alluvial meandering channels?
Chapter 3: This chapter presents an experimental analysis of hydraulic resistance in the highly sinuous
Kinoshita meandering flume. The results contribute to a better understanding of hydraulic roughness
in mixed bedrock-alluvial meandering rivers. Specifically, it addresses the following two research ques-
tions: (1) How does hydraulic roughness in a bedrock river change under different sediment supply
scenarios and how do these changes relate to the ratio of areal alluvial cover to total bed area averaged
over a reach? (2) How can the composite roughness, including the effect of bedrock and alluvium in a
channel of complex shape, be better described and quantified so as to inform numerical models?
Chapter 4: This chapter presents a study of meltwater meanders on ice. It includes laboratory and field
data. It addresses the following research questions: (1) How do meltwater meandering channels form
and evolve? (2) What are the characteristics of meltwater meandering channels and what is the degree
of similarity between them and meandering channels in other media?
Appendix A: This appendix contains a description of the details regarding image acquisition, analysis and
post-processing common to results shown in Chapters 2 and 3.
Appendix B: This appendix contains a description of the installation, calibration, and operation of a set
of electronic sensors, ‘eTapes’, that were installed in the Kinoshita flume to measure instantaneous
water surface elevations during the experiments.
Appendix C: This appendix shows the meandering channel centerlines of meltwater channels in the labo-
ratory and field. The centerlines are shown over the image from which they were extracted.
Appendix D: This appendix contains the links to videos referenced in Chapters 2 and 3.
1.1 References
Gilbert, G.K. (1884) The Sufficiency of Terrestrial Rotation for the Deflection of Streams. American Journal
of Science (1880-1910); Jun 1884; 27, 162; APS Online pg. 427.
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Chapter 2
Experiments on alluvial cover over
bedrock in a meandering channel of
high amplitude
Abstract
Bedrock erosion by abrasion is driven by sediment particles that strike bare bedrock while traveling down-
stream with the flow. If sediment deposits and forms patches of alluvial cover, this mode of erosion is no
longer possible due to the protection offered by the grains themselves. Bedrock erosion by abrasion is related
to the amount of alluvial cover, which in turn is a function of sediment load and hydraulic conditions. This
study presents results of alluvial cover experiments conducted in the highly meandering Kinoshita flume.
Measurements of quasi-instantaneous alluvial cover were conducted with time-lapse imaging. Results from
eight reach-averaged areal alluvial cover conditions suggest that: i) erosion by abrasion of sediment particles
is driven by the fluctuations of alluvial cover due to the movement of freely-migrating bars and ii) the areas
of potential erosion are functions of sediment load and local curvature.
2.1 Introduction
Alluvium is a key component of bedrock river incision. In his report on the geology of the Henry Mountains,
Gilbert (1877) described that the process of mechanical erosion of a bedrock river bed by material transported
by the current depends on the hardness of the bedrock, the hardness, size and number of particles in
transport, and the velocity of the stream. Gilbert (1877) noted that the number of sediment particles
striking the bed and eroding it could increase up to the sediment transport capacity of the stream. At this
point, the bed would be so crowded with particles that instead of colliding against the bed, they would
collide against each other and the bedrock would be protected from erosion. Based on this observation,
Gilbert (1877) stated that it is probable that the maximum work of mechanical erosion is performed when
the load is far below the transport capacity of the stream.
In recent decades, particular attention to the previously-described phenomenon has motivated experimental,
theoretical and field work examining the relation between sediment supply and bedrock incision in mixed
3
bedrock-alluvial rivers. Although Gilbert (1877) did not specifically use the terms ‘tools’ and ‘cover’ effects,
he described them vividly. Saltating bedload particles in a bedrock river are one of the ‘tools’ needed to
cause incision. As sediment supply increases to a river reach, the ability to incise eventually decays due to
the appearance of sediment deposits which protect the bed from further abrasion (‘cover’ effect). Therefore,
in order for bedrock erosion to occur, a balance must exist between the ‘cover’ and ‘tools’ effects such that
there are enough sediment particles in the system striking the bed, but not so many as to cover it and
protect it from abrasion.
The experimental work of Sklar and Dietrich (2001, 1998) has led to a better understanding of the ‘tools’
and ‘cover’ effects. In their work, the ‘tools’ and ‘cover’ effects were parameterized in terms of a cover
factor pc which represents the areal fraction of bedrock that is covered by sediment. The exposed fraction
is thus defined as po = 1 − pc. The cover saltation-abrasion model of Sklar and Dietrich (2004) was the
first to include these effects in a bedrock erosion model. The cover model used by Sklar and Dietrich
(2006, 2004) to compute erosion, linearly relates the areal fraction of the bed that is covered by sediment
to the ratio of sediment supply to sediment transport capacity of a bed fully covered with alluvium. The
linear cover model has under certain conditions been validated via experimentation (e.g. Chatanantavet and
Parker, 2008; Finnegan et al., 2007; Johnson and Whipple, 2007, 2010). Turowski et al. (2007) proposed an
exponential cover model that accounts for areas of the bed with static (permanent) and dynamic (transient)
cover, but their approach has not been confirmed experimentally. Lague (2010) also proposed a bedrock
incision model based on stochastic variations of discharge and sediment supply which accounts for alluvial
thickness and its effect on limiting bedrock incision.
More recently, Zhang et al. (2015) proposed the macro-roughness saltation-abrasion alluviation model which
treats the cover factor as the ratio between the alluvial thickness at a river cross section to the characteristic
macro-roughness height of the bedrock surface. The approach was successfully implemented to model the
evolution of bedrock river profiles. Its advantage over the original formulation is that by relating cover to
alluvial thickness rather than sediment supply, it can deal with waves of alluviation and bed stripping and
their dynamic effect on incision or the cessation thereof due to complete alluvial cover.
In spite of these developments, the cover factor definitions used so far by the different authors lack one or
more important aspects required for the development of a model of bedrock incision in mixed bedrock-alluvial
meandering rivers, namely:
1. What is the role of sediment supply and local curvature and how do they affect the areas of potential
erosion in meandering bedrock-alluvial channels? With the exception of the recent work by Inoue et
al. (2017, 2016) and Nelson et al. (2014), all models of bedrock incision by abrasion are either ‘0D’ or
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‘1D’ and all experiments have been conducted in straight channels (Johnson and Whipple, 2010, 2007;
Chatanantavet and Parker, 2008; Finnegan et al., 2007). There is still no baseline set of experiments
describing how the pattern of spatial cover is established in a meandering channel, and how it varies
with local curvature and sediment supply.
2. What is the appropriate averaging window to characterize the areal fraction of alluvial cover? The
model based on the areal fraction of cover uses an average value defined over an “appropriate” averaging
window, but only loose definitions regarding its lengthscale and timescale have been provided to date.
Moreover, this mean cover value assumes that the alluvial deposits covering the bed are transient.
Field observations (Inoue et al. 2014, Cook et al. 2013) and laboratory experiments (Johnson and
Whipple, 2010, 2007; Chatanantavet and Parker, 2008; Finnegan et al., 2007) indicate that zones of
permanent cover and permanent exposure coexist with transient deposits in mixed bedrock-alluvial
rivers.
3. What is the role of alluvial cover fluctuations on erosion? Current models rely on a mean cover value,
but temporal alluvial cover fluctuations provide a better representation of the frequency of the saltating
bedload particle impacts on the bed which are responsible for bedrock erosion.
We addressed these questions by conducting experiments in a high-amplitude laboratory meandering flume
to characterize the statistics of alluvial cover as they relate to the sediment supply ratio and local curvature.
The materials and methods for the experiments are described in Sec. 2.2. Section 2.3 presents the results
of the experiments, and is followed by the discussion (Sec. 2.4) and conclusions (Sec. 2.5). To close this
introductory section, a summary of relevant concepts is provided.
2.1.1 Bedrock erosion and alluvial cover
The time rate of bedrock incision (erosion) by mechanical wear Es has been quantified with Eq. 2.1 by
different authors (e.g. Sklar and Dietrich, 2004, 2006; Turowski et al., 2007; Chatanantavet and Parker,
2009) as follows;
Es = ViIrpo (2.1)
In Eq. 2.1, Vi is the volume of bedrock lost per particle impact, Ir is the particle impact rate per unit area
per unit time, and po is the fraction of exposed bedrock. The areal fraction of alluvial cover, i.e. cover
factor pc is thus defined as pc = 1 − po. An alternative but closely related equation to compute erosion is
presented in Eq. 2.2 (e.g. Turowski et al., 2008; Chatanantavet and Parker, 2009) where β is a parameter
that relates to the fraction of bedrock volume that is lost per particle impact at the end of each saltation, qbt
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is the capacity bedload transport rate per unit width for a bed fully covered with alluvium, and qbs = pcqbt
is the actual bedload transport rate per unit width given that transport can only occur over the portion of
the bed that has alluvial cover.
Es = βqbspo = βqbtpc(1− pc) (2.2)
In Sklar and Dietrich (2004) and other works based in their cover model (e.g. Turowski et al., 2007; Lamb
et al., 2008), po represents the areal fraction of exposed bedrock. In the Zhang et al. (2015) cover model,
po also represents the fraction of bed elevation at a given cross section which is not covered by alluvium,
but is instead related to the ratio ηa/Lmr , where ηa is a measure of the thickness of alluvium, and Lmr is
a measure of the intrinsic macro-roughness height of the bedrock surface itself.
Both definitions are presented schematically in Figure 2.1. In general, pc is an arbitrary function of qbs/qbt
or ηa/Lmr, but the simplest realistic forms are given by Eq. 2.3 and Eq. 2.4.
pc = 1− po =

qbs
qbt
if 0 ≤ qbsqbt < 1
1 if 1 ≤ qbsqbt
(2.3)
pc = 1− po =

ηa
Lmr
if 0 ≤ ηaLmr < 1
1 if 1 ≤ ηaLmr
(2.4)
Figure 2.1: Schematic representations of (a) the fraction of exposed bedrock showing surface areal cover
(Sklar and Dietrich, 2004) and (b) a cross section illustrating filling of a rough bedrock surface with alluvium
(Zhang et al., 2015).
The use of Eq. 2.3 or Eq. 2.4 in combination with Eq. 2.1 must be employed in terms of an appropriate
averaging window over which to determine the cover fraction pc and open fraction po = 1−pc. For example,
Sklar and Dietrich (2006), Gasparini et al. (2007), and Chatanantavet and Parker (2008) assume, explicitly
or implicitly, that a) the averaging window is at least as large as channel width, and b) that pc fluctuates
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temporally between 0 and 1 within the window. If this were not the case, zones within the channel where
pc permanently takes the values 0 and 1 would never be subject to incision, and channel geometry would
not change over time. However, if these assumptions are met over an appropriate time scale, all the channel
along a cross-section would, in the long-term average, erode at the same rate. In the case of mixed bedrock-
alluvial meandering rivers, where permanent alluvium deposits exist in e.g. point bars, the assumptions just
described break down. In such rivers, erosion occurs only in areas with transient cover and is not expected
to occur in areas that are permanently covered or exposed. Under certain conditions, specific areas of the
channel might have little to no probability of being struck by sediment particles, thus limiting the areas that
could undergo erosion.
2.2 Materials and Methods
2.2.1 Flume
Experiments were conducted in the Kinoshita Flume at the Ven Te Chow Hydrosystems Laboratory, Uni-
versity of Illinois at Urbana-Champaign. The flume, shown in Fig. 2.2c, is 0.60 m wide, 0.40 m deep and
36 m long (along the centerline including upstream and downstream tanks), and has a sinuosity of 3.7. All
three meander wavelengths are identical and have a down-channel length of 10 m. All results presented
herein correspond to experiments conducted with water flowing from right to left as indicated in Fig. 2.2,
i.e. with the bends skewed in the upstream direction. Readers interested in more specific details about the
Kinoshita flume are referred to Abad and Garcia (2009a, b).
2.2.2 Bed-material properties and bed characteristics
The bed material used in the experiments was crushed walnut shells, which have a specific gravity in the
range 1.3-1.4. A bedrock basement was built in the flume using the bathymetry measured by Czapiga
(2013), who conducted experiments under fully alluvial conditions using the same material. After averaging
out the bedforms, the transverse slopes every 0.5 m were calculated. Based on them, foam cross-sections
were cut and placed inside the flume. Pea gravel was used to fill the flume following the profile established
by the foam. The size of the gravel was chosen so as to prevent it from being transported by the flow in
the experiments. The region between streamwise stations CS07 and CS23 (Fig. 2.2a) was filled with gravel
to an elevation slightly below the maximum given by the foam. This section was then covered with a ∼ 1
cm layer of concrete and used to create the bedrock surface. Figure 2.3c shows the bedrock bed built inside
the Kinoshita Flume, and Fig. 2.2b shows its bathymetry. The concrete was painted white to enhance the
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contrast between the bedrock and the alluvium.
The grain size distributions of the crushed walnut shells, the pea gravel and the dry concrete mix (including
gravel, sand, and cement) are shown in Figure 2.3a. The inset figure includes the results of laser scans
conducted to measure the as-built bedrock macro-roughness.
Figure 2.2: a) Kinoshita shape with streamwise locations and flow direction indicated; b) Bedrock
bathymetry built inside the Kinoshita flume; c) 3D rendering of Kinoshita flume showing location of tank
measuring tapes, point gages, eTapes, sediment trap and sediment diffuser, flow direction and middle bend
where all measurements were made.
Figure 2.3: a) Grain size distributions for the alluvium (crushed walnut shells), dry concrete mix used to
build the bedrock, and the pea gravel underlying the bedrock basement. Insert shows deviatoric elevations
of as-built bedrock bed, measured with laser scans at different cross sections inside the Kinoshita flume.
Mean macro-roughness (∼10 mm) is also indicated in the main plot; b) Image of crushed walnut shells with
ruler for scale; and c) Bedrock bed partially covered with alluvium inside the Kinoshita flume.
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2.2.3 Bed laser scans
A Keyence laser with sub-millimeter precision was used to scan the bed at five different locations, namely:
CS10, CS12, CS15, CS17 and CS20 (Fig. 2.2a). A 4th order polynomial was fit to the scans, and deviatoric
elevations were calculated by subtracting the actual reading from the polynomial. The average deviatoric
elevation along the cross sections was calculated and used to estimate the macro-roughness of the bedrock
bed, defined here as the difference between the maximum and minimum elevations. The resulting value (10
mm) is also indicated in Fig. 2.3a.
2.2.4 Areal alluvial cover measurements
The percentage of areal alluvial cover was calculated by analyzing time-lapse images of the flume bed. Images
were taken, on average, every 10 s (0.1 Hz) during the duration of every run and processed in MatLab. A
region of interest (ROI) was selected for each image series. In this study, the ROI corresponds to the middle
bend of the Kinoshita flume, i.e. between streamwise locations 10 m and 20 m (Fig. 2.2a).
Images were first converted to gray scale, and then the method of Otsu (1979), as implemented in Matlab
(‘graythresh’ function), was used to make the images binary. The resulting black (alluvial cover) and white
(bedrock) images were used to calculate the percent areal cover. The fraction of alluvial cover was determined
as shown in Eq. 2.5.
pcROI =
(
N −∑Nj=1 pxj)
N
(2.5)
In Eq. 2.5, pcROI = percent of areal alluvial cover inside the region of interest; N = total number of pixels
inside the region of interest (i.e. total area); and pxj= value of the j
th pixel in the binary image (white
pixels are equal to one and black pixels are equal to zero). More details regarding the image acquisition and
processing are included in Appendix A.
2.2.5 Relation between alluvial cover and sediment supply
A rectangular bedrock slab was built with the same materials used to build the bedrock basement in the
flume. The purpose of this bedrock slab, which was 0.6 m long by 0.4 m wide, was to measure i) the relation
between areal alluvial cover and sediment supply ratio, and ii) the relation between areal alluvial cover and
the ratio of alluvial cover thickness to bedrock macro-roughness. The bedrock slab was built over a piece of
foam laid on the floor so as to have no longitudinal or transverse slope. Pea gravel was placed over the foam
and a thin layer of concrete was poured over it. It was then painted white to increase contrast between the
bedrock and the alluvium.
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To quantify the sediment supply ratio, known weights of sediment were incrementally added to the slab and
spread evenly until the bed was fully covered with alluvium. Eleven iterations were necessary to cover the
bed completely. The sediment supply ratio was calculated as the cumulative weight of sediment in every
iteration, divided by the total weight of sediment used to fully cover the bed. Areal alluvial cover was
quantified using images, and following the approach described in section 2.2.4. The ratio of alluvial cover
thickness to bedrock macro-roughness was quantified by scanning nine cross sections of the bedrock slab
with a sub-millimeter precision Keyence laser. The cross sections were 4 cm away from each other. The first
set of scans were conducted over the bare bedrock slab, and then they were repeated each time that alluvium
was added over the slab. The entire process was conducted twice. After the first set of measurements, the
alluvium was removed with a brush first and then with an air-pressure hose to make sure all grains were
removed from the slab.
2.2.6 Experimental conditions
Table 2.1 shows the general experimental conditions used in this study. The flow discharge rate used in
all runs was 12.3 L/s, which corresponds to the flow rate used by Czapiga (2013). The flow discharge was
measured with electromagnetic flow meters. Given that the sediment recirculating pump works at a constant
discharge of 3.1 L/s, the main pump was set to have a discharge of 9.2 L/s.
The volume of sediment inside the Kinoshita flume was modified between runs so as to obtain different
reach-averaged areal ratios of alluvial cover. Runs in this study are identified based on this value (Table
2.2). For example, run ‘pc79’ had 79% of the total bed area covered with alluvium after averaging in space
(one wavelength) and time (one hour). The first run conducted was pc79, followed by pc72 and pc54.
Afterwards, all the sediment was removed from the system to run the bare-bedrock condition, pc00. The
following runs were pc19, pc27, pc38 and pc46. Water surface slopes were initially calculated by using the
water level elevation changes in the upstream and downstream tanks of the Kinoshita flume. Both tanks
have a measuring tape glued to the upstream- and downstream-most walls (Fig. 2.2c). These measuring
tapes were used to guarantee that runs always started at the desired water elevation. Before turning on
the pumps, desired water elevations were verified, and after the run had started, readings were taken every
20-30 minutes.
Water surface elevations were also measured with eTapes in runs pc00, pc19, and pc79 (Ch. 3). An eTape
is a sensor with a resistive output that varies with the level of fluid in which it is immersed. The resistive
output of the sensor is inversely proportional to the height of the water. Low water depths correspond to
high output resistance. Conversely, high water depths correspond to low output resistance. Details about
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the eTape installation, calibration and operation are given in Appendix B. After runs pc79, pc72 and pc54
were finished, we noticed that the water surface slopes in the Kinoshita flume were different depending on if
they were calculated for the total length of the flume, i.e. between tanks, or for the middle bend of the flume
only. Figure 2.4 shows an example of the water surface elevations measured with the eTapes (middle zone of
flume) and the measuring tapes (entire flume) for run pc79. To accurately measure the middle bend water
surface slopes in runs pc00-pc46, point gages were placed on the flume at streamwise locations 9 m and 21
m (Fig. 2.2). The slopes calculated with the point gage readings are shown in Table 2.1. The average ratio
of the slopes calculated with the point gages to those calculated with tank elevations in runs pc00 - pc46
was used to estimate the slopes in the middle bend of the flume for runs pc54, pc72 and pc79.
The sediment transport rates were measured by collecting material in a trap located immediately downstream
of the sediment diffuser located at the upstream end of the flume (Abad and Garcia, 2009b). Average values
are shown in Table 2.2.
Figure 2.4: Average water surface elevation profiles and corresponding slopes based on the eTape readings
and the levels measured in the upstream and downstream tanks for Run pc79.
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Table 2.1: Hydraulic parameters common to all experimental conditions
Parameter Value
Flow discharge Q[m3/s] 0.0123
Channel width B[m] 0.6
Centerline depth H[m] 0.11
Reach-averaged velocity U [m/s] 0.19
Hydraulic radius Rh[m] 0.08
Froude no. Fr[−] 0.18
Table 2.2: Experiment parameters specific to each run.
Reach-averaged Water Average bed-load Water surface slope Kinematic Reynolds
Run cover fraction Temperature transport rate Middle bend Entire flume viscosity no.
ID pc T qbs S S ν Re
[−] [−] [◦C] [g/s] [mm/m] [mm/m] [mm/s2] [−]
pc00 0.00 24 0.00 0.99 0.68 0.9131 16,328
pc19 0.19 20 0.08 0.97 0.79 1.0034 14,859
pc27 0.27 24 0.25 0.99 0.75 0.9131 16,328
pc38 0.38 27 0.55 1.14 0.88 0.8539 17,460
pc46 0.46 21 1.47 1.19 1.01 0.9795 15,221
pc54 0.54 22 −a 1.03 0.79 0.9565 15,587
pc72 0.72 27 4.50 1.26 0.97 0.8539 17,460
pc79 0.79 24 5.60 1.26 0.97 0.9131 16,328
a Bed-load transport rate was not measured during this run.
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2.3 Results
2.3.1 Relation between alluvial cover and sediment supply
Figures 2.5a and 2.5c show the relation between areal alluvial cover and sediment supply ratio for the bedrock
slab and the Kinoshita flume respectively. Figure 2.5b shows the relation between areal alluvial cover and
the ratio of alluvial cover thickness to bedrock macro-roughness. The thin dashed lines with circle markers
show the average results of the measurements; the thick dashed lines correspond to a best-fit line; and the
dotted lines show the linear relation between variables that has been used by previous authors (e.g. Inoue et
al., 2016, 2014; Zhang et al., 2015; Chatanatavet and Parker, 2009, 2008; Sklar and Dietrich, 2006, 2004).
Figure 2.5: a) Relation between areal fraction of alluvial cover and sediment supply ratio for bedrock slab;
b) Relation between areal fraction of alluvial cover and the ratio between alluvial thickness and bedrock
macro-roughness for bedrock slab; c) Relation between reach-averaged areal fraction of alluvial cover and
sediment supply ratio for Kinoshita flume and corresponding water surface slopes as a function of sediment
supply ratio.
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2.3.2 Reach averages of alluvial cover fraction
Figure 2.6 shows the reach-averaged temporal series of areal alluvial cover for the seven experiments with
alluvium. Figure 2.7 shows the maps of alluvial cover for all experimental conditions. Therein, black areas
show regions that were permanently covered with alluvium; white areas show regions of permanently exposed
bedrock; and colored regions show areas that were covered with alluvium for a fraction of the time.
Figure 2.6: Temporal evolution of reach-averaged areal fraction of alluvial cover for all experimental condi-
tions that had alluvium.
2.3.3 Regions with transient alluvial cover
The alluvial cover maps in Figure 2.8 show different percentages of permanently covered or exposed bedrock,
as well as regions with transient alluvial cover. To delineate and quantify these areas, the following criteria
were used: regions with permanent static alluvial cover are those in which pc > 0.975; regions with permanent
exposed bedrock are those in which pc < 0.025; and regions with transient alluvial cover are those in which
0.025 < pc < 0.975. Using these criteria, maps of transient alluvial cover were prepared. Figure 2.9 shows
the regions of transient cover (gray), static cover (black) and permanently exposed bedrock (white) for each
of the eight experimental conditions.
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Figure 2.7: Maps of spatiotemporal averages of areal fraction of alluvial cover for all experimental conditions.
Colors indicate the percentage of time in which the bed was covered with alluvium.
Figure 2.8: Maps showing regions with permanent alluvial cover, transient alluvial cover and permanently
exposed bedrock for all experimental conditions.
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Figure 2.9: Reach-averaged area ratios of permanently exposed bedrock, transient alluvial cover, permanent
alluvial cover, and permanent + transient alluvial cover as a function of reach-averaged areal cover fraction.
Figure 2.10 shows the reach-averaged percentages of these three regions for all eight experimental conditions.
Therein, the black dashed line corresponds to the reach-averaged fraction of permanently exposed bedrock;
the thin solid black line corresponds to the reach-averaged fraction of permanently covered bedrock (static
cover); the solid gray line corresponds to the reach-averaged fraction of the bed with transient cover; the
thick solid black line corresponds to the sum of the transient and static cover fractions; and the black dotted
line corresponds to the 1:1 line.
2.3.4 Cross-section averages of alluvial cover
Figure 2.11 shows the cross-section alluvial cover averages for the seven experimental conditions with allu-
vium. Values were extracted every meter between streamwise locations 10 m and 20 m. Therefore, eleven
local alluvial cover values were obtained for each experiment. As in the case of the reach-averaged values,
these results include permanently covered and exposed portions of the cross section as well as a fraction with
transient alluvial cover. Figure 2.10 shows the ratios of the cross sections that had permanently exposed
bedrock (black dashed line), permanently covered bedrock (black solid line), transient alluvial cover (gray
solid line), and the ratio corresponding to the sum of static plus transient cover (cyan solid line) for all
experimental conditions but pc00.
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Figure 2.10: Cross sectional averages of areal fraction of alluvial cover for all experimental runs. Local values
were extracted every meter between streamwise locations 10 m and 20 m. Points of highest curvature are
located at 14.5 m and 19.5 m. The legend indicates the corresponding reach-averaged pc values.
Cross section alluvial cover values were normalized with the reach-averaged value. Figure 2.12 shows box-
plots with the results. The dimensionless curvature of the Kinoshita flume is also plotted. The boxes include
information for the seven experiments at each cross section. The median value is indicated by the red line
inside the box; the bottom line on each box corresponds to the first quartile (q1); the top line on each box
corresponds to the third quartile (q3); whiskers extend to q1−1.5(q3−q1) at the bottom and q3+1.5(q3−q1)
at the top; and values lying outside this range are considered outliers and are indicated with a red cross.
2.3.5 Erosion potential based on alluvial cover averages
Based on Eq. 2.2, a dimensionless erosion potential Esp may be expressed as shown in Eq. 2.6 below.
Esp = pc (1− pc) (2.6)
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Figure 2.11: Cross sectionally averaged ratios of permanently exposed bedrock, transient alluvial cover,
permanent alluvial cover, and permanent + transient alluvial cover for all experimental conditions. Points
of highest curvature are located at 14.5 m and 19.5 m.
Figure 2.12: Boxplots of normalized cross-sectionally averaged areal fraction of alluvial cover in the middle
bend of the Kinoshita flume. The dimensionless curvature of the flume κ and its negative value −κ are
plotted to better show the salient trends.
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Figure 2.13 shows the erosion potential for all experimental conditions. The regions with the largest erosion
potential are shown in dark red to black colors whereas the regions with no erosion potential are shown in
white.
Figure 2.13: Maps of spatiotemporally averaged erosion potential for all experimental conditions.
2.4 Discussion
2.4.1 Relation between alluvial cover and sediment supply
Figure 2.5a shows the relation between alluvial cover and sediment supply ratio for the bedrock slab and Fig.
2.5c shows it for the Kinoshita flume. Both relations obtained in this study are logarithmic (Eq. 2.7). The
value of the constant ‘a’ is different between the bedrock slab (a = 0.23) and the Kinoshita flume (a = 0.14)
but the shape of the relation is the same. Previous research has shown that a linear relation between percent
cover and sediment supply ratio is valid under certain circumstances (e.g. Inoue et al, 2014; Chatanantavet
and Parker, 2008) but our results suggest that a different relation is also possible:
pc = a · ln
(
qbs
qbt
)
+ b (2.7)
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In the case of the bedrock slab, the logarithmic relation suggests that, initially, the areal cover increases
rapidly with sediment supply ratio. Once the smaller voids in the bed are filled, more and more alluvium is
needed to fully cover the largest roughness elements and further increase pc.
In the case of the Kinoshita flume, the logarithmic relation between alluvial cover and sediment supply ratio
is believed to be due in large part to the formation of point bars and transient alluvial deposits. Initially, a
small amount of alluvium covers a proportionately larger area of the bed, but as sediment supply increases,
alluvial thickness growth is favored over areal extent of alluvial cover. As more alluvium accumulates over
regions previously covered, additional sediment supplied to the reach tends to deposit at the edge of the
existing deposits, thus increasing alluvial cover, but at an ever smaller rate.
Figure 2.5b shows the relation between areal alluvial cover and alluvial thickness to bedrock macro-roughness
ratio. Zhang et al. (2015) and Inoue et al. (2014) used the assumption that the relation is linear but the
results obtained for the bedrock slab suggest that an ‘S-shaped’ (sigmoid curve) relation is more appropriate.
A logistic curve, which is a type of sigmoid curve, was fit to the measurements in this study. Eq. 2.8 (below)
shows the general logistic function and Eq. 2.9 (below) shows the one used here. Comparing the two, it
may be seen that: x = ηa/Lmr; f(x) = pc(ηa/Lmr); L is the maximum value of the curve, corresponding
to pcmax = 1.0; k is the steepness of the curve; and xo is the x-value of the sigmoid curve’s midpoint. As
shown in Figure 2.5b and Eq. 2.9, the steepness used to fit the sigmoid curve to the measured values was 8
and the midpoint was defined at ηa/Lmr = 0.4.
It is likely that the steepness and midpoint value are associated to some measure of the grain size distribution
of the alluvium and the macro-roughness height of the bedrock. In the case of the bedrock and alluvium
(Fig. 2.3a) used in this study, the steepness value corresponds to k ∼ Lmr/D16 and the mid-point value
corresponds to xo ∼ 2.1D84/Lmr. This issue merits further investigation so as to define appropriate relations
to calculate the steepness and mid-point value of the sigmoid curve for implementation in numerical models.
f(x) =
L
1 + e−k(x−xo)
(2.8)
pc(ηa/Lmr) =
1.0
1 + e−8(ηa/Lmr−0.4)
(2.9)
2.4.2 Reach averages of alluvial cover
Figure 2.7 shows the temporal evolution of reach-averaged alluvial cover for all experimental runs. Larger
fractions of alluvial cover are associated with fluctuations about the mean value due to the appearance
of freely-migrating bars as sediment supply increases. Figure 2.8 shows the maps of alluvial cover for all
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experimental runs. Warm colors (red and orange) correspond to areas that were covered with alluvium for
more than 70% of the time; and cool colors (shades of blue) correspond to areas that were covered with
alluvium less than 30% of the time. In regards to the ‘tools’ and ‘cover’ effects, the white and black regions
in those alluvial cover maps would not experience erosion. No tools (alluvium) are available to erode the
bed in the white regions whereas alluvium completely covered the bed in the black regions, thus protecting
it from erosion.
The areal alluvial cover definition in Fig. 2.1a is based on the assumption that alluvial deposits are transient,
i.e. no portions of the bed in the reach remain permanently covered with alluvium or fully exposed. This
assumption is not met in meandering channels where static alluvial cover deposits form and grow as sediment
supply increases, and erosion may only occur in those regions where alluvial cover is changing in time, i.e.
regions with transient cover.
2.4.3 Regions of transient alluvial cover
The regions of transient alluvial deposits are those over which alluvial cover is changing in time (colored
regions in Fig. 2.7). Figure 2.8 shows the regions of transient alluvial cover in gray, regions of static cover
in black and regions of permanently exposed bedrock in white. The area of the former two regions increases
with sediment supply, whereas the area of the latter decreases as sediment supply increases. Figure 2.9 shows
the growth of the regions of static and transient cover as a function of reach-averaged alluvial cover. The
regions of permanently exposed bedrock decrease accordingly. In general, both the fraction of the total area
with static and transient cover grow at a similar rate with increasing reach-averaged pc. The reach-averaged
conditions for which transient and static cover have similar area ratios are pc = 0.27, 0.46, 0.54 and 0.72.
The largest differences between static and transient cover are observed at pc = 0.19, 0.38 and 0.79.
The case of pc = 0.19 is likely due to the typical sedimentation patterns observed in meandering bedrock
channels when alluvial point bars first form. Immediately downstream of the bend apices, i.e. points
of highest curvature, sediment is deposited. In the Kinoshita flume, the apices of bends are located at
streamwise locations 9.5 m, 14.5 m and 19.5 m (Fig. 2.13). Initially, these locations become the upstream-
most points of the point bars. Once these deposits have been established, and as long as sediment continues
to be supplied from upstream, the incoming particles travel above the existing deposit due to decreased
resistance from the bed. Under such conditions, static alluvial cover is favored over transient alluvial cover.
The case pc = 0.38 has a larger portion of the total area with transient cover than with static cover. As more
sediment was supplied to the system while keeping the initial water depth constant (Table 2.1), the alluvial
thickness could not continue to grow indefinitely but rather, the areal extent of alluvial cover grew instead.
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Sediment particles could no longer be preferentially transported over the alluvial deposits, and began to be
transported closer to the edge of the existing deposits.
The case pc = 0.79 shows a dip in the ratio of transient cover, while the area with static cover continues
to increase. Although there are no runs with a larger reach-averaged fraction of alluvial cover, it is likely
that this trend would be maintained until the bed is completely covered with alluvium. As pc grows, the
area ratio of permanently covered regions should increase at a faster rate, and the area ratio of regions with
transient cover should decrease rapidly towards zero. Eventually, the channel will not have any area left
for the areal extent of alluvial cover to grow, so that further deposition would promote increased alluvial
thickness instead.
The reach-averaged results shown in Fig. 2.7, Fig. 2.8 and Fig. 2.9 suggest that the areas subject to
erosion in mixed bedrock-alluvial meandering rivers are a fraction of the total reach area. In the case of the
Kinoshita flume experiments presented in this study, the areas with transient alluvial deposits occupied less
than 50% of the total reach area, hence erosion could only occur within a restricted portion of the total bed
area.
2.4.4 Cross-section averages of alluvial cover
Figure 2.10 shows the cross-section-averaged fraction of alluvial cover for all experimental conditions that
had alluvium. Values were calculated every meter between streamwise locations 10 m and 20 m. In general,
all conditions exhibit similar trends, with local lows in pc at streamwise locations 15 m and 19 m and local
highs at streamwise locations 11 m and 16 m. The regions showing higher local percentages of alluvial cover
are located 1.5 m downstream of the bend apices. Point bar deposits are responsible for the higher local
value of pc at these locations. On the other hand, the local lows in pc are associated with the points of
highest curvature in the reach. Both local lows are within 0.5 m of the bend apices.
Figure 2.11 shows the fractions of each cross section that have static alluvial cover (black line), transient
alluvial cover (gray line), exposed bedrock (red dashed line), and static + transient cover (cyan line) for all
experimental conditions. The ratio of exposed bedrock peaks in the vicinity of the bend apices. Even in the
case of reach-averaged pc = 0.79, portions of the bed in these areas remain exposed due to high curvature.
Except for the cases with reach-averaged pc = 0.38 and 0.54, no cross sections have fractions with transient
alluvial cover greater than 60%.
The average fractions of transient alluvial cover at the cross sectional level have values of 0.10 for pc = 0.19,
0.21 for pc = 0.27 and between 0.31 and 0.34 for the other experimental conditions. In spite of the local
variations in transient alluvial cover, potential erosion is, on average, limited to a rather small portion of
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the cross section. This is likely due to the combined effects of sediment supply ratio and local curvature.
Figure 2.12 shows box plots of cross sectionally averaged pc normalized with the reach-averaged value. The
figure also shows the dimensionless curvature of the Kinoshita flume (black dashed line), the negative value
of the curvature (gray dotted line) and the median normalized values of pc (red line). The true (κ) and
negative (−κ) centerline curvature signals are shown to better highlight the trend of normalized pc with
curvature. The cross sections located close to the bend apices, i.e. regions with local high curvature, show
normalized pc values below unity, whereas the regions with smaller curvature values show normalized pc
values above unity. Normalized, local pc values follow the overall trend of local curvature.
2.4.5 Erosion potential based on alluvial cover averages
Figure 2.13 shows the erosion potential (Eq. 2.6) for all experimental conditions. Regions with higher erosion
potential are those for which alluvial cover averages were close to 0.5, in accordance with the parabolic form
of Eq. 2.6. These regions are shown in black in Figure 2.13. White regions have no erosion potential due to
a lack of tools or the presence of alluvial cover protecting the bed from abrasion. The regions of potential
erosion are limited to the areas with transient alluvial cover. In general, their width is a function of sediment
supply ratio, with narrower regions associated with smaller sediment supply ratios. Locally, the width of
these regions is affected by curvature as well, with narrower regions in areas of high curvature, and wider
regions in areas of lower curvature.
The region of potential erosion is located closer to the inner bank for lower sediment supply ratios, and
moves outward as sediment supply increases. Focusing on the region of potential erosion located at the bend
apex at streamwise location 14.5 m, it is seen that for pc = 0.27, the region is located right next to the inside
bank whereas for pc = 0.79, the region is much closer to the outer bank. Figure 2.14 shows an image of the
mixed bedrock-alluvial Shimanto River in Shikoku, Japan and a sketch of what the cross section might look
like with the areas of erosion and no erosion indicated. The reach shown in the image has an alluvial point
bar on the inside of the bend, a narrow inset channel at the edge of the point bar and an exposed bedrock
bench on the outside of the bend.
The typical geometry of an alluvial meandering channel cross section is shallow on the inside and deep on
the outside. The reach of the Shimanto River shown in Figure 2.14 has a different geometry. The deepest
portion of the channel is not located on the outer bank. Instead, it is located at the toe of the point bar,
which happens to be approximately at the middle of the cross section. It is likely that the narrow inset
channel was formed during a long period of decreased sediment supply. During this period, the region of
transient alluvial cover was confined to the current width of the channel shown in the image. The outer
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bedrock bench could potentially be eroded if sediment supplied to the reach from upstream were to be
increased, and maintained at this increased value for an extended period of time. If this occurred, the point
bar would likely extend toward the outer part of the bend, thus moving the area of transient alluvial cover
farther into this region.
Figure 2.14: a) Image of a reach of the Shimanto River, Shikoku, Japan showing partial alluvial cover. b)
Sketch of cross section A-A indicating inferred regions of no erosion and erosion.
2.4.6 Erosion potential based on alluvial cover fluctuations
The results of alluvial cover shown and discussed up to this point correspond with spatial or temporal
averages. Nonetheless, at the microscopic level, the value of pc can only take values of zero (exposed bedrock)
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or one (covered with alluvium). In the context of the areal images obtained during the experiments, this
means that pixels may change between white and black throughout the run. This information was used
herein to quantify erosion potential based on alluvial cover fluctuations.
Bedrock incision can only occur when a particle strikes the bed. If a pixel changes from white to black
between consecutive images, it means that sediment particles traveled into the area and struck the bed. If
the pixel remains black or white in consecutive images, no strikes occurred; and if the pixel changes from
black to white, sediment particles have left, and thus did not strike the bed. With these definitions, the
erosion potential may be quantified by counting the number of times that a pixel changes from white to
black, i.e. by quantifying the fluctuations in alluvial cover.
The frequency of strikes (fs) at the j
th pixel corresponds to the number of times that the jth pixel has
changed from white (pc = 0) to black (pc = 1) between consecutive images (im), divided by the total
number of images (N) in the series (Eq. 2.10).
fsj =
∑N
i=1
(
dpc
dimi
= −1
)
j
N
(2.10)
Figure 2.15 shows the frequency of strikes (fs) for all experimental conditions. In general, the areas in color
in the figure are similar to the areas with transient alluvial cover shown in Fig. 2.8 and the areas with
erosion potential in Fig. 2.14. Identifying differences in these particular figures is not straightforward, but
the videos listed in Appendix D illustrate the migrating erosion fronts, and suggest that erosion is likely
to be driven predominantly by the movement of freely-migrating bars. The use of the frequency of strikes
associated with fluctuations in alluvial cover provides an improved approach for computing bedrock erosion
by abrasion, as discussed below.
2.4.7 Alluvial cover fluctuations vs. averages
The use of temporal averages of alluvial cover has limitations. Figure 2.16 shows a hypothetical example
of two cases in which the long-term average of alluvial cover is equal, but the fluctuations in alluvial cover
between them are different. Given that erosion by abrasion is driven by the number of times the bed is
struck by particles, erosion would only occur in the first case. Erosion would only occur each time the area
changes from white to black, i.e. every time a particle moves into the area and strikes the bed upon arrival.
This simple example suggests that the use of temporal averages of alluvial cover to calculate erosion may
lead to inaccurate results.
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The use of a relation such as Eq. 2.2 with spatio-temporal averages of alluvial cover also has limitations.
According to it, the following experiment pairs: i) pc = 0.19 and pc = 0.79; ii) pc = 0.27 and pc = 0.72; and
iii) pc = 0.46 and pc = 0.54 should have very similar, or equal, erosion potentials as shown below:
i. Esp = 0.19(1− 0.19) = 0.19(0.81) = 0.154 and Esp = 0.79(1− 0.79) = 0.79(0.21) = 0.166
ii. Esp = 0.27(1− 0.27) = 0.27(0.73) = 0.197 and Esp = 0.72(1− 0.72) = 0.72(0.28) = 0.202
iii. Esp = 0.46(1− 0.46) = 0.46(0.54) = 0.248 and Esp = 0.54(1− 0.46) = 0.54(0.46) = 0.248
Figure 2.13 shows that the erosion potential in all cases is different, thus suggesting that spatial averaging
may also lead to inaccurate results. For these reasons, temporal and spatial averages of alluvial cover are not
appropriate to quantify erosion in mixed bedrock-alluvial rivers. The computational method of Inoue et al.
(2017, 2016) both tracks the migration of cover fronts and bars and calculates cover at a spatiotemporally
local level, thus approaching the methodology suggested here.
Figure 2.15: Maps of frequency of strikes for all experimental conditions. Frequency shown is based on
number of images. Dividing the values in the color bar by 10 s (time between images) would give the actual
frequency in Hz.
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Figure 2.16: Simple example showing that temporal averages of the areal cover fraction of alluvial cover
are not appropriate to quantify bedrock incision. Conditions a) and b) have the same average but a) would
experience more erosion due to a greater frequency of fluctuations in alluvial cover.
2.5 Conclusions
The results of this study lead to the following conclusions:
1. The percent of areal alluvial cover (pc) initially grows rapidly with increasing sediment supply ratio
(qbs/qbt) in meandering channels. Rapid initial growth is likely due to the formation of point bars.
Following the formation of these initial deposits, addition of more sediment into the system first
promotes the growth of alluvial thickness and later promotes the growth of areal extent in alluvial
cover. Therefore, a logarithmic relation between these variables reflects their relation better than a
linear one. A logarithmic relation allows for rapid initial growth of pc with increasing sediment supply
ratio, but as the sediment supply ratio increases, pc growth slows down.
2. The percent of areal alluvial cover (pc) as a function of the ratio between alluvial thickness and bedrock
macro-roughness (ηa/Lmr) follows an S-shaped (sigmoid) curve. A logistic curve is recommended for
models of bedrock erosion that use this framework.
3. The steepness and mid-point parameters needed in the logistic curve are likely functions of a charac-
teristic grain size of the alluvium and the bedrock macro-roughness. In this study, the steepness and
mid-point values used were given by k ∼ Lmr/D16 and xo ∼ 2.1D84/Lmr respectively.
4. Mixed bedrock-alluvial meandering channels may have areas with permanent and transient alluvial
cover as well as areas of permanently exposed bedrock. Erosion by abrasion is possible only in the
areas with transient alluvial cover. Local normalized pc values are smaller than reach-averaged values
at regions with high curvature and higher at regions with lower curvature.
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5. The size and location of the areas of preferential erosion in mixed bedrock-alluvial meandering rivers
are a function of sediment supply ratio and local curvature. Low sediment supply ratios are associated
with regions of potential erosion located closer to the inner bank. This region moves toward the outer
bank as sediment supply increases. High local curvature values are associated with narrow regions of
potential erosion whereas lower curvature values are associated with wider regions of potential erosion.
6. The use of either spatially or temporally averaged values of pc, or a combination of both, is not neces-
sarily an appropriate approach to model bedrock erosion by abrasion of bedload. The largest spatial
window recommended should be as small as possible so as to capture the local spatiotemporal fluctu-
ations in alluvial cover. The longest temporal window recommended should be quasi-instantaneous so
as to capture the temporal fluctuations in alluvial cover.
2.5.1 Future research directions
Based on the results of this study, the following two research directions are proposed:
1. Conduct experiments with the objective of determining appropriate relations to define the steepness
and mid-point of the sigmoid function for use in numerical models of bedrock erosion based on a
framework using ratio of alluvial thickness to bedrock macro-roughness.
2. Develop a model of bedrock erosion by abrasion based on the fluctuations of areal alluvial cover. The
model must take into consideration the role of freely-migrating bars and their celerity. The numerical
formulation of Inoue et al. (2016, 2017) offers an important advance in this regard.
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Chapter 3
Hydraulic resistance in mixed
bedrock-alluvial meandering channels
Abstract
Hydraulic roughness is typically described in terms of a reach-averaged friction factor. In the case of alluvial
rivers, this coefficient depends on the size of the material on the bed (skin friction) and, if present, on the
size of bedforms (form drag). In the case of mixed bedrock-alluvial rivers, the definition of an appropriate
roughness coefficient is more challenging since it also depends on the size of the roughness of the bedrock
elements (macro-roughness) and the percentage of areal cover of alluvium, defined as the ratio of area
covered with sediment to total area. This study presents an experimental analysis of hydraulic roughness
in the highly sinuous Kinoshita meandering flume. The results contribute to a better understanding of
hydraulic roughness in mixed bedrock-alluvial meandering rivers.
3.1 Introduction
This study presents an experimental analysis of hydraulic roughness in the highly sinuous Kinoshita me-
andering flume (Abad and Garcia, 2009) of the Ven Te Chow Hydrosystems Laboratory (Fig. 3.1). The
main objective of the study is to contribute to a better understanding of hydraulic roughness in mixed
bedrock-alluvial meandering rivers. The study was originally motivated by the following questions: i) How
does hydraulic roughness in a bedrock river change under different sediment supply scenarios? ii) How do
these changes relate to the ratio of areal alluvial cover to total bed area averaged over a reach? iii) How
can the composite roughness including the effect of bedrock and alluvium in a channel of complex shape be
better described and quantified so as to inform numerical models?
In order to answer these questions, we conducted experiments with the three different areal alluvial cover
conditions shown in Figure 3.2. The first condition was a bedrock bed made of concrete with no alluvial cover
(Fig. 3.2a); the second condition included enough sediment to cover 21% of the bedrock bed, as measured
over one meander wavelength (Fig. 3.2b); the third condition included enough sediment to cover 78% of the
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bed (Fig. 3.2c). Sediment was transported as bed load in both experimental conditions. The case with 78%
alluvial cover had freely-migrating bars, whereas no bedforms were present for the case with 21% alluvial
cover. The mean sediment transport rates measured were 4.65 g/s and 0.07 g/s for the cases of 78% and
21% areal cover respectively.
A key and novel aspect of this study is the use of ‘eTapes’, sensors with a resistive output that varies with
the level of fluid. eTapes allow measuring instantaneous water surface elevations, thus making possible the
computation of instantaneous water surface slope, which can then be related to hydraulic resistance.
Data from previous experiments conducted in the same laboratory flume with other bed roughness conditions
are also included for comparison. Specifically, we report on a total of ten runs corresponding to four bed
roughness conditions as shown in Figure 3.3. Four runs correspond to flat- and hydraulically smooth bed
and sediment-free conditions (Fig. 3.3a), three to fully alluvial conditions (Fig. 3.3b); one to bare bedrock
(Fig. 3.3c), and two to mixed bedrock-alluvial conditions (Fig. 3.3d). Table 3.1 shows the experimental
parameters for each of the ten runs. The rest of this introductory section presents relevant definitions as-
sociated with the study, which is divided in five sections. The second section describes the experimental
facility and methods used; the third and fourth sections present the results and discussion respectively; and
the fifth and last section includes the conclusions of the study and suggestions for future research.
Figure 3.1: (a) Kinoshita flume sketch with eTape locations and a few cross sections indicating streamwise
distance along the Kinoshita shape; (b) Kinoshita flume side view image with rectangle indicating approxi-
mate area shown in (c); (c) Partially alluviated bed inside the Kinoshita flume, eTape is shown in the back.
Shaded areas in (a) indicate bedrock reach in experiments B, BA1 and BA2 (Table 3.1). Darker shade
indicates the region of interest (ROI) used to measure alluvial cover.
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Figure 3.2: Images of the middle bend of the Kinoshita flume with (a) no areal cover (bare bedrock); (b)
21% areal cover and (c) 78% areal cover.
Figure 3.3: Experimental conditions used: (a) Flat, smooth bed and no sediment - F; (b) Fully alluvial bed
- A; (c) Bedrock bed - B; (d) Mixed bedrock-alluvial bed - BA.
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Table 3.1: Experiment parameters, Run ID and data source for the ten conditions.
Data Source Run ID Condition
Discharge Depth Slope Velocity Froude no. Reynolds no.
Q H Sx10−3 U Fr Re
[L/s] [m] [−] [m/s] [−] [−]
Ferna´ndez (2012)
F1 Flat 25 0.25 0.051 0.17 0.11 22,282
F2 Flat 25 0.15 0.396 0.28 0.23 27,233
F3 Flat 8 0.05 0.732 0.27 0.38 11,204
Abad and Garc´ıa (2009) F4 Flat 50 0.25 0.450 0.33 0.21 44,563
Czapiga (2013)
A1 Alluvial 12.3 0.078 2.800 0.26 0.30 15,951
A2 Alluvial 12.3 0.071 3.100 0.29 0.35 16,252
A3 Alluvial 3 0.043 3.700 0.12 0.18 4,287
This study
B1 Bedrock 12.5 0.110 0.770 0.19 0.18 14,945
BA1 Bedrock-alluvial 12.5 0.110 0.631 0.19 0.18 14,945
BA2 Bedrock-alluvial 12.5 0.114 1.320 0.18 0.17 14,808
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3.1.1 Hydraulic resistance
The amount of frictional resistance to which a flow is subjected by a given surface is typically quantified with
the use of hydraulic roughness coefficients. Common hydraulic roughness coefficients are the Darcy-Weisbach
(DW) friction coefficient f , and the dimensionless Chezy friction coefficient Cz. Relevant definitions and
equations used in this study to quantify hydraulic resistance are presented below.
The shear stress τb exerted by a uniform and steady flow on the bed of a channel is given by Eq. 3.1, where
ρ is the fluid density, g is the acceleration of gravity, RH is the hydraulic radius, S is the slope, and u∗ is the
shear velocity (Eq. 3.2). The hydraulic radius is the ratio of the hydraulic area A to the wetted perimeter
P . In the case of a rectangular channel, it can be expressed as in Eq. 3.3, where H is the flow depth and B
is the channel width.
τb = ρgRHS = ρu
2
∗ (3.1)
u∗ =
√
gRHS (3.2)
RH =
BH
B + 2H
(3.3)
The average flow velocity U can be determined with the Darcy Weisbach (DW) equation (Eq. 3.4). The
DW friction coefficient may be related to a general friction coefficient as shown in Eq. 3.5. Both friction
coefficients are related to the dimensionless Chezy coefficient as shown in Eq. 3.6.
U =
√
8
f
√
gRHS =
√
8
f
u∗ (3.4)
Cf =
f
8
(3.5)
Cz =
√
1
Cf
=
√
8
f
(3.6)
In this study, the average flow velocity is a known value calculated as shown in Eq. 3.7 where Q is the flow
discharge. An expression for the dimensionless friction coefficient Cf may be obtained by substituting Eq.
3.5 into Eq. 3.1 and solving for it as shown in Eq. 3.8.
U =
Q
BH
(3.7)
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Cf =
gRHS
U2
=
(u∗
U
)2
(3.8)
When the flow is hydraulically rough, the resistance law of Keulegan (1938) may be used to express the bed
shear stress as shown in Eq. 3.9 where the friction coefficient is given by Eq. 3.10. Therein, κ = 0.41 is the
von Karman constant, and ks is the equivalent sand-grain roughness of Nikuradse (1933) which is commonly
taken to be proportional to a representative sediment size Dx as shown in Eq. 3.11. For example, Kamphuis
(1974) used ks = 2 ·D90 and Van Rijn (1982) used ks = 3 ·D90 where D90 is the size for which 90% of the
grains are smaller.
τb = ρCfU
2 (3.9)
Cf =
[
1
κ
ln
(
11
RH
ks
)]−2
(3.10)
ks = αsDx (3.11)
3.1.2 Alluvial cover
The role of alluvial cover, in regard to bedrock incision in mixed bedrock-alluvial rivers was first described by
Gilbert (1877) who observed two opposite effects associated with it. Saltating sediment grains are needed for
incision by abrasion to occur, i.e. they are the tools required to mechanically wear the bedrock. However, if
more and more sediment is added into the system, it will deposit on the bed, thus covering it and protecting
it from further incision. The latter phenomenon is typically called the ‘cover’ effect. Since the work of Sklar
and Dietrich (2004), it is usually described in terms of a cover factor pc, which represents the percentage of
the bed that is covered with alluvium (Eq. 3.12).
pc =
Aa
AT
= 1− Ab
AT
(3.12)
In Eq. 3.12, Aa is the area covered with alluvium, AT is the total bed area in the reach, and Ab is the area
of exposed bedrock. In the context of this study, an adapted form of Eq. 3.12 is used to quantify pc (Eq.
3.15).
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3.1.3 Partial cover and composite hydraulic resistance
Composite channels are those whose wall roughness changes along the wetted perimeter of the cross section.
The need to describe hydraulic resistance using a composite roughness approach has been recognized since,
at least, the 1930s. Chow (1959) cites the composite roughness relations due to Horton (1933), Einstein
(1934), Colebatch (1941), and the US Army Corps of Engineers Los Angeles District (1973). Yen (1991) cites
a few other relations including two more from the 1930s, namely, Pavlovskii (1931) and Lotter (1933). In
general, these relations determine a composite roughness coefficient based on the weighted sum of hydraulic
parameters such as the wetted perimeter, hydraulic area, and hydraulic radius.
Cox (1973) compared experimental results to some of the relations available to date and included experiments
in which the walls were rough and the bed smooth (in contrast to the common laboratory case where the
walls are smooth and the bed is rough). His observed data did not clearly match any of the available
formulations, but for engineering applications he recommended the use of the Colebatch (1941) and USACE
LAD (1973) formulations.
In the case of mixed bedrock-alluvial channels, Johnson (2014) and Inoue et al. (2014) independently
proposed to treat the composite roughness by using a weighted linear summation of the resistance due to
alluvial cover and the resistance due to the bedrock surface. Inoue et al. (2014) calculate a total friction
coefficient based on a composite equivalent roughness height ks (Eq. 3.13). Johnson (2014) first calculates
friction coefficients using a Manning-Strickler relation for both the alluvial and bedrock portions of the bed,
and then computes a composite friction coefficient as shown in Eq. 3.14. In both Eqs. 3.13 and 3.14, the
sub index ‘a’ refers to the alluvium and the sub index ‘b’ refers to the bedrock.
ks = ksapc + ksb (1− pc) (3.13)
f = fapc = fb (1− pc) (3.14)
Both approaches are assessed in this study.
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3.2 Materials and Methods
3.2.1 Flume
The Kinoshita meandering flume in the Ven Te Chow Hydrosystems Laboratory at the University of Illinois
at Urbana-Champaign was used for the experiments presented in this study. The flume, shown in Fig. 3.1,
is 0.60 m wide, 0.40 m deep and 36 m long (along the centerline including upstream and downstream tanks),
and has a sinuosity of 3.7. All three meander wavelengths are identical and have a down-channel length of
10 m. All results presented herein correspond to experiments conducted with water flowing from right to
left as indicated in Fig. 3.1, i.e. with the bends skewed in the upstream direction. Readers interested in
more specific details about the Kinoshita flume are referred to Abad and Garcia (2009).
3.2.2 Bed-material properties and bed characteristics
The bed-material used in the experiments with alluvium was crushed walnut shells which have a specific
gravity in the range 1.3-1.4. The purely alluvial bed topography measured by Czapiga (2013) after run A1
(Table 3.1) was used to build the bedrock bed used in this study. After averaging out the bedforms, the
transverse slopes every 0.5 m were calculated. Based on them, foam cross-sections were cut and placed inside
the flume. Pea gravel was used to fill the flume following the profile established by the foam. The size of
the gravel was chosen so as to prevent it from being transported by the flow in the experiments. The region
between streamwise stations CS07 and CS23 (Fig. 3.1) was filled with gravel to an elevation slightly below
the maximum given by the foam. This section was then covered with a ∼1 cm layer of concrete and used as
the bedrock reach.
The grain size distributions of the crushed walnut shells, the pea gravel and the dry concrete mix (includes
gravel, sand and cement) are shown in Figure 3.4. The inset figure includes the results of laser scans
conducted to measure the as-built bedrock macro-roughness. A Keyence laser with sub-millimeter precision
was used to scan the bed at five different locations, namely: CS10, CS12, CS15, CS17 and CS20 (Fig. 3.1).
A 4th order polynomial was fit to the scans, and deviatoric elevations were calculated by subtracting the
actual reading from the polynomial. The average deviatoric elevation along the cross sections was calculated
and used to estimate the macro-roughness of the bedrock bed, defined here as the difference between the
maximum and minimum elevations. The value (10 mm) is also indicated in Fig. 3.4.
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Figure 3.4: Grain size distributions for the crushed walnut shells, dry concrete mix used to build the bedrock,
and the pea gravel underlying the bedrock basement. Insert shows deviatoric elevations of as-built bedrock
bed, measured with laser scans at different cross sections inside the Kinoshita flume. Mean macro-roughness
(∼10mm) is also indicated in the main plot.
3.2.3 Water surface elevations
The three experiments first reported here, used eTapes to measure water surface elevations. In the case of
the seven experiments conducted previous to these three, water surface elevations were measured with the
use of point gages (Czapiga, 2013; Ferna´ndez, 2012; Abad and Garcia, 2009).
An eTape is a sensor with a resistive output that varies with the level of fluid in which it is immersed.
The resistive output of the sensor is inversely proportional to the height of the water. Low water depths
correspond to high output resistance. Conversely, high water depths, correspond to low output resistance.
eTapes were installed inside the flume at the locations shown in Fig. 3.1a. They were all connected to an
Arduino Mega board which was programmed to output to a computer terminal at a frequency of 10 Hz.
Conversion of the raw sensor output to water levels required calibration. The calibration was conducted to
relate the actual water elevation, as read from the marks printed on the sensor, to the electric output in
the computer terminal. The calibration procedure, as well as more details regarding the installation of the
eTapes, are included in Appendix B.
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3.2.4 Image acquisition
The percentage of areal alluvial cover was calculated by analyzing time-lapse images of the flume. Images
were taken every 10 s (0.1 Hz) and processed in MatLab. A region of interest (ROI) was selected for each
image series. In this study, the ROI corresponds to the middle meander wavelength of the Kinoshita flume,
i.e. between stations CS10 and CS20 (Fig. 3.1a).
Images were first converted to gray scale and then, the method of Otsu (1979), as implemented in Matlab
(‘graythresh’ function), was used to make the images binary. The resulting black (alluvial cover) and white
(bedrock) images were used to calculate the percent areal cover. The fraction of alluvial cover was determined
as shown in Eq. 3.15.
pcROI =
(
N −∑Nj=1 pxj)
N
(3.15)
In Eq. 3.15, pcROI = percent of areal alluvial cover inside the region of interest; N = total number of pixels
inside the region of interest (i.e. total area); and pxj = value of the j
th pixel in the binary image (white
pixels are equal to one and black pixels are equal to zero). More details regarding the image acquisition and
processing are included in Appendix A.
3.2.5 Hydraulic resistance in the Kinoshita flume
The four kinds of experimental conditions used in this study (Table 3.1) require different approaches to
compute hydraulic resistance. In general, all friction coefficients may be calculated with Eq. 3.8, but
due to the different characteristics of the flume setup, the total value thus obtained actually represents a
combination of effects.
In the case of the flat- and smooth-bed experiments, hydraulic resistance coefficients are a combination of
the resistance due to the walls of the flume and the effect of secondary flow associated with its meandering
planform geometry. To quantify these effects, a total Darcy-Weisbach friction coefficient is determined with
Eqs. 3.8 and 3.6. The Colebrook-White equation for hydraulically smooth flow (Eq. 3.16) is used to calculate
the friction coefficient that would prevail in a straight flume made with the same material as the Kinoshita
flume, with a flow with the same Reynolds number Re (Eq. 3.17).
1√
f
= −2log10
(
2.51
Re
√
f
)
(3.16)
Re =
URH
ν
(3.17)
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For the four flat- and smooth-bed cases (Table 3.1), the friction coefficient in Eq. 3.16 is computed using
the solver in Microsoft Excel with the objective function specified in Eq. 3.18.
n∑
i=1
[
1√
f
+ 2log10
(
2.51
Re
√
f
)]2
i
= 0 (3.18)
The difference fm between these two values, i.e. the Darcy-Weisbach coefficient f , obtained with Eqs. 3.8
and 3.6, and the friction coefficient obtained with the Colebrook-White relation fCW (Eq. 3.16), is assumed
to be due to the meandering nature of the flume. Eq. 3.19 shows the total friction coefficient f , as the linear
summation of fCW and fm.
f = fCW + fm (3.19)
The assumption of linearity implied in Eq. 3.19 has been used extensively in the past. For example,
Johnson (2014) and Inoue et al. (2014) used it to calculate a composite roughness in mixed bedrock-alluvial
channels; Comiti et al. (2009) used it to separate the resistance in step-pool channels in three components:
skin, form drag, and spill; Millar (1999) used it to distinguish between skin friction and form drag in gravel
bed rivers; and Parker and Peterson (1980) used it to distinguish between skin friction and resistance due
to the presence of bars in gravel bed rivers. Many more examples are available in the literature. Yen (1991)
presents a review of the historically relevant ones and discusses the issue further. He also includes a section
on potential non-linear interactions between the different resistance components. In this study, we continue
to use the linear superposition assumption.
In the case of the fully alluvial and mixed bedrock-alluvial experiments, since the bed and the wall have
different roughness, the Vanoni and Brooks (1957) wall correction is used to separate the hydraulic resistance
between the bed and wall regions. In addition, a shear partition is also required to separate the bed resistance
due to skin friction and that due to form drag. The shear partition of Einstein (1950) is used for this purpose.
3.3 Results
3.3.1 Hydraulic resistance for flat- and smooth-bed conditions
Table 3.2 shows the dimensionless friction coefficients (Cf , f , Cz) for the four flat- and smooth-bed exper-
imental conditions (F1-F4 in Table 3.1). The first column indicates the Run ID and the following three
columns show the three dimensionless friction coefficients for each run. The ‘Total’ friction coefficient was
calculated with Eq. 3.8; the ‘Wall’ friction coefficient was calculated with Eq. 3.16; and the friction coefficient
due to ‘Meandering’ was calculated with Eq. 3.19.
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3.3.2 Hydraulic resistance for fully alluvial, bare bedrock and mixed
bedrock-alluvial conditions
Table 3.3 shows the dimensionless friction coefficients (Cf , f , Cz) for the fully alluvial (A1-A3), bare bedrock
(B1) and mixed bedrock-alluvial (BA1-BA2) experimental conditions. The ‘Total’ values in the second
column were calculated with Eq. 3.8; the ‘Wall’ and ‘Bed’ values in the third and fourth columns were
obtained with the Vanoni and Brooks (1957) wall correction; the resistance in the ‘Bed’ region was then
split into ‘Skin’ (column 5) and ‘Form’ drag (column 6) using the shear partition of Einstein (1950).
For the fully alluvial cases, a value of D90 = 1.9mm was used; for the bare bedrock case, a value of
D90 = 7.5mm was used (Fig. 3.4). In both cases, αs = 2.5 was used to obtain the equivalent roughness
height according to Eq. 3.11. The shear partition for the mixed bedrock-alluvial runs is not shown in Table
3.3 because there is no unique particle diameter to represent the roughness height of both surfaces.
The dimensionless friction coefficient (Cf , f , Cz) for the mixed bedrock-alluvial experimental conditions
were calculated with the approaches of Inoue et al. (2014) and Johnson (2014). Table 3.4 shows the
results. The first column indicates Run ID and the average ratio of alluvial cover for the middle bend of
the Kinoshita flume (Figs. 3.1, 3.2b and 3.2c) in each run. Values for ‘Skin’ friction and ‘Form’ drag are
included for each run (column 2). Columns 3-5 are related to Eq. 3.14, i.e. the approach of Johnson (2014)
who calculates a friction factor for fully ‘Alluvial’ conditions (column 3), a friction factor for bare ‘Bedrock’
conditions (column 4) and then calculates a ‘Combined’ friction factor (column 5). Column 6 contains the
results obtained with the approach of Inoue et al. (2014). A composite equivalent roughness height ks was
calculated with Eq. 3.13 and then used to split the shear in the bed region between skin friction and form
drag.
Figure 3.5a shows a column-plot of the dimensionless friction coefficients Cf for all runs. Figure 3.5b shows
a comparison between the skin and form friction coefficients obtained with the approaches of Inoue et al.
(2014) (Eq. 3.13) and Johnson (2014) (Eq. 3.14).
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Table 3.2: Dimensionless friction coefficients for the Kinoshita flume with flat and smooth bed.
Run (Cf , f, Cz)
ID Total (Eqs. 3.6 and 3.8) Wall (Eq. 3.16) Meandering (Eq. 3.19)
F1 (0.0025, 0.0196, 20.2) (0.0023, 0.0184, 20.8) (0.0001, 0.0012, 82.7)
F2 (0.0050, 0.0403, 14.1) (0.0022, 0.0177, 21.3) (0.0028, 0.0226, 18.8)
F3 (0.0043, 0.0346, 15.2) (0.0027, 0.0214, 19.3) (0.0016, 0.0132, 24.6)
F4 (0.0054, 0.0433, 13.6) (0.0020, 0.0160, 22.4) (0.0034, 0.0273, 17.1)
Table 3.3: Dimensionless friction coefficients for fully alluvial, bedrock and mixed bedrock-alluvial beds.
(Cf , f, Cz)
Run ID Total Wall Correction Shear Partition
Wall Bed Skin Form
A1 (0.0246, 0.1968, 6.4) (0.0039, 0.0312, 16.0) (0.0300, 0.2400, 5.8) (0.0101, 0.0808, 10.0) (0.0199, 0.1592, 7.1)
A2 (0.0209, 0.1672, 6.9) (0.0038, 0.0304, 16.2) (0.0250, 0.2000, 6.3) (0.0098, 0.0784, 10.1) (0.0152, 0.1216, 8.1)
A3 (0.1010, 0.8080, 3.1) (0.0074, 0.0592, 11.6) (0.1144, 0.9152, 3.0) (0.0204, 0.1632, 7.0) (0.0940, 0.7520, 3.3)
B1 (0.0169, 0.1352, 7.7) (0.0037, 0.0296, 16.4) (0.0218, 0.1744, 6.8) (0.0128, 0.1024, 8.8) (0.0090, 0.0720, 10.5)
BA1 (0.0139, 0.1112, 8.5) (0.0035, 0.0280, 16.9) (0.0177, 0.1416, 7.5) (−,−,−) (−,−,−)
BA2 (0.0319, 0.2552, 5.6) (0.0042, 0.0336, 15.4) (0.0424, 0.3392, 4.9) (−,−,−) (−,−,−)
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Figure 3.5: a) Dimensionless friction coefficient value for all runs. b) Skin and form friction coefficients
obtained with the approaches of Inoue et al. (2014) (Eq. 3.13), and Johnson (2014) (Eq. 3.14).
3.3.3 Hydraulic resistance for mixed bedrock-alluvial experimental conditions
with fluctuating alluvial cover due to freely-migrating bars
The previous two sections present results for spatio-temporal averages of hydraulic resistance. However,
during experimental Run BA2, freely-migrating bars not only contributed to form drag as shown in Table
3.4, but also contributed to changes in the ratio of alluvial cover. Such changes affect the hydraulic resistance
experienced by the flow. This section presents the fluctuations in hydraulic resistance due to fluctuations in
alluvial cover. Simultaneous measurements of water surface elevation and alluvial cover were conducted for
45 minutes in Run BA1 and for 60 minutes in Run BA2. The video included with the supplemental material
shows the freely-migrating bars in experiment BA2 (links in Appendix D).
Figure 3.6 shows temporal series of alluvial cover (Figs. 3.6a and 3.6b) and water surface slopes (Figs. 3.6c
and 3.6d) for Runs BA1 and BA2. The “Instantaneous” series correspond to alluvial cover measured every
10 seconds (Figs. 3.6a, 3.6b), and to water surface slope averages computed every 10 seconds (Figs. 3.6c,
3.6d). eTape measurements were taken at a frequency of 10 Hz, i.e. one value every 0.1 s, but in order to
match the alluvial cover information, window averaging was used for the water surface slopes.
Figure 3.7 shows the dimensionless friction coefficient series for the bed region Cfb (after applying the
Vanoni and Brooks (1957) wall correction), and the series split into skin friction Cfs and form drag Cff
components for runs BA1 and BA2. The latter two were obtained with the shear partition of Einstein (1950).
Two sets of skin and form friction coefficients are shown; they correspond to the values obtained with the
approaches of Inoue et al. (2014) (dark shades) and Johnson (2014) (light shades).
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Figure 3.6: Temporal series of alluvial cover for runs (a) BA2 and (b) BA1; and temporal series of water
surface slope for runs (c) BA2 and (d) BA1.
3.3.4 Equivalent roughness heights
Eq. 3.10 may be rewritten in terms of the equivalent roughness height ks. Eq. 3.20 shows the result. This
equation was used to calculate the equivalent roughness heights for all experimental conditions. Table 3.5
and Figure 3.8 show the results. The results for the flat and smooth bed conditions do not contain values for
the wall correction because it was not needed. Since both the walls and bed are made of the same material,
no shear redistribution occurs. The ‘Meandering’ values were used as ‘Form’ for the computations. Figure
3.8 also shows the thickness of the viscous sublayer (Eq. 3.21).
ks =
11RH
e(κ/
√
Cf)
(3.20)
δv = 11.6
ν
u∗
(3.21)
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Figure 3.7: Temporal series of dimensionless friction coefficients for runs BA1 and BA2.
Figure 3.8: Equivalent roughness heights for all runs. The thickness of the viscous sublayer is shown for
reference. Note that the walls of the Kinoshita flume are hydraulically smooth (ks < δv)
.
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Table 3.4: Dimensionless friction coefficients for the mixed bedrock-alluvial experiments
Run (Cf , f, Cz)
ID Friction Johnson (2014) Inoue et al. (2014)
pc Alluvial
a Bedrockb Combinedc Composited
BA1 Skin (0.008, 0.062, 11.3) (0.012, 0.097, 9.1) (0.011, 0.090, 9.5) (0.011, 0.091, 9.4)
pc = 0.21 Form (0.010, 0.079, 10.1) (0.006, 0.044, 13.5) (0.006, 0.051, 12.5) (0.006, 0.050, 12.7)
BA2 Skin (0.010, 0.080, 10.0) (0.016, 0.130, 7.8) (0.011, 0.091, 9.4) (0.012, 0.095, 9.2)
pc = 0.78 Form (0.032, 0.258, 5.6) (0.026, 0.208, 6.2) (0.031, 0.247, 5.7) (0.031, 0.244, 5.7)
aCalculated assuming fully alluvial conditions, i.e. D90 = 1.9mm and ks = 2.5D90.
bCalculated assuming bare bedrock conditions; i.e. D90 = 7.5mm and ks = 2.5D90.
cCalculated with Eq. 14; fa and fb from previous two columns respectively.
dCalculated with unique composite roughness as in Eq. 13.
Table 3.5: Equivalent roughness heights.
Run ID
(Total, Wall, Bed, Skin, Form)
Rh Cf ks
[cm] [−] [mm]
F1 (13.6,−,−, 13.6, 13.6) (0.0024,−,−, 0.0023, 0.0001) (0.38,−,−, 0.29, 0.00)
F2 (10,−,−, 10, 10) (0.0050,−,−, 0.0022, 0.0028) (3.41,−,−, 0.18, 0.49)
F3 (4.3,−,−, 4.3, 4.3) (0.0043,−,−, 0.0027, 0.0016) (0.92,−,−, 0.17, 0.02)
F4 (13.6,−,−, 13.6, 13.6) (0.0054,−,−, 0.0020, 0.0034) (5.71,−,−, 0.16, 1.35)
A1 (6.2, 1, 7.5, 2.5, 5) (0.025, 0.004, 0.030, 0.010, 0.020) (49.9, 0.2, 77.8, 4.7, 30.1)
A2 (5.7, 1, 6.9, 2.7, 4.2) (0.021, 0.004, 0.025, 0.010, 0.015) (37.2, 0.1, 56.4, 4.7, 16.5)
A3 (3.8, 0.3, 4.3, 0.8, 3.5) (0.101, 0.007, 0.114, 0.020, 0.094) (114, 0.3, 139, 4.7, 101)
B1 (8, 1.7, 10.4, 6.2, 4.2) (0.017, 0.004, 0.022, 0.013, 0.009) (37.9, 0.2, 70.9, 18.7, 5.8)
BA1 (8, 2, 10.3, 6.6, 3.6) (0.014, 0.004, 0.018, 0.011, 0.006) (27.3, 0.2, 51.7, 15.7, 2.2)
BA2 (8.3, 1.1, 11, 3.1, 7.9) (0.032, 0.004, 0.042, 0.012, 0.031) (91.3, 0.2, 165, 7.9, 83.0)
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3.4 Discussion
3.4.1 Hydraulic roughness for flat- and smooth-bed conditions
The results for the flat- and snooth-bed conditions show that the hydraulic resistance due to meandering in
the Kinoshita flume can be a significant component of the total experienced by the flow (Table 3.2). The
resistance coefficient due to meandering fm (Eq. 3.19) contributed 6.1%, 56%, 38% and 63% to the total
resistance coefficient for runs F1-F4 respectively. Smaller values are associated with lower reach-averaged
velocities. In the case of runs F2 and F3, the largest contribution obtained for F2 was associated with a
larger Re number, due to larger hydraulic radius in spite of similar reach-averaged velocities. This behavior
has also been reported by Blanckaert (2009) who compared the hydraulic resistance within a flume between
an upstream straight reach and the entire flume, which had a bend of constant curvature. In his results, the
overall resistance increased by an average of 40% due to the presence of the bend.
3.4.2 Hydraulic roughness for fully alluvial conditions
In all three alluvial runs, the wall correction of Vanoni and Brooks (1957) reflects an important redistribution
of hydraulic resistance due to the increased (beyond the case of a smooth bed) roughness of the bed relative
to the walls. The average bed shear was approximately 7 times larger than the wall shear in runs A1 and
A2 (fbed/fwall ∼ 7) and approximately 15.5 times larger in run A3 (Table 3.3, Fig. 3.5a). The resistance
in the bed region was also split into skin friction and form drag (Einstein, 1950). A D90 = 1.9mm (Fig.
3.4) was used and the equivalent roughness height was calculated with Eq. 3.11 using αs = 2.5. Skin
friction was responsible for 34% - 39% of the hydraulic resistance in runs A1 and A2 respectively, i.e.
fskin/fbed ∼ 34%− 39%. In run A3, it accounted for 18% of the resistance.
Form drag accounted for 66%, 61% and 82% of the resistance in runs A1-A3 respectively. These percentages
include more than just bedforms. Parker and Peterson (1980) attributed part of the resistance they observed
to the presence of bars. The results from the flat- and smooth-bed experimental runs show that a significant
contribution of the resistance comes from the meandering planform geometry and the associated ubiquitous
secondary flows. Even though the fully alluvial runs had bedforms in them (Czapiga, 2013), the form drag is
actually a combination of effects: meandering (secondary flows), point bars and bedforms. The first two are
interrelated because point bar geometry is closely related to the meandering planform characteristics (e.g.
Johanesson and Parker, 1989; Ikeda et al., 1981).
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3.4.3 Hydraulic resistance for bare bedrock conditions
The hydraulic resistance within the bed region in the bare bedrock (B1) experiment (Fig. 3.2a) was almost
6 times larger than that of the wall region (Table 3.3, Fig. 3.5a). To split the shear between skin friction
and form drag, a D90 = 7.5mm (Fig. 3.4) and αs = 2.5 was used to calculate the equivalent roughness
height (Eq. 3.11). In this case, skin friction accounted for 60% of the total resistance in the bed region, and
form drag for 40%. Even though this run did not have migrating bedforms, the bathymetry resembled that
of run A1. Therefore, the form drag was due to both the meandering planform and the bed topography.
3.4.4 Hydraulic resistance for mixed bedrock-alluvial conditions - Temporal
averages
The hydraulic resistance in the bed region was 5 times larger than that in the wall region for run BA1,
and 10 times larger for run BA2 (Table 3.3, Fig. 3.5a). Both experiments had very similar hydraulic
conditions (Table 3.1) and the main difference between them was the presence of more alluvium in BA2
which contributed to the formation of freely-migrating bars.
The shear partition for the two mixed bedrock-alluvial runs used the Einstein (1950) method but two
different approaches were followed. Table 3.4 and Fig. 3.5b show the results. The values in the column
labeled as ‘Combined’ correspond to the approach of Johnson (2014). Friction coefficients were calculated
assuming fully alluvial and exposed bedrock conditions independently (columns ‘Alluvial’ and ‘Bedrock’
respectively). The resulting friction coefficients were then combined into one using Eq. 3.14. The results
in the column labeled as ‘Composite ks’ correspond to the approach of Inoue et al. (2014). A composite
equivalent roughness height ks was calculated using Eq. 3.13, and then the shear partition was calculated
with this unique value.
The differences between the approaches of Johnson (2014) and Inoue et al. (2014) are smaller than 5% in all
cases (Fig. 3.5b). Specifically, the skin friction between the two approaches differs by approximately 1.9%
and 4.2% and the form friction differs by approximately 3.6% and 1.3% for runs BA1 and BA2 respectively.
In general, the skin friction accounted for 64% of the resistance in the bed region in run BA1 and 28% in
run BA2. In the case of BA1, 36% of the total resistance in the bed region corresponds to form drag even
in the absence of bedforms (Fig. 3.5a). As in the bare bedrock (B1) experimental conditions, the form drag
is due to the meandering planform and bed topography.
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3.4.5 Hydraulic resistance for mixed bedrock-alluvial conditions -
Quasi-instantaneous
Figure 3.6 shows the temporal signal of alluvial cover and water surface slopes for runs BA1 and BA2. The
fluctuations in alluvial cover and water surface slopes are larger for run BA2 (Figs. 3.6a and 3.6c) than for
run BA1 (Figs. 3.6b and 3.6d) due to the presence of freely-migrating bars.
The median absolute deviation (MAD) defined in Eq. 3.22, is used herein to quantify the magnitude of the
fluctuations for the different variables. In Eq. 3.22, Xi corresponds to a single observation of the sample or
population X. For example, in the context of this study, X = pc or X = S.
MAD = median (|Xi −median(X)|) (3.22)
The median absolute deviations for the alluvial cover in runs BA1 and BA2 are 0.05% and 0.72% respectively.
The median absolute deviations for the water surface slopes in runs BA1 and BA2 are 1.8% and 5.7%
respectively. Even though the series is not shown, the median absolute deviation for the slopes calculated
with the water surface elevations measured during 60 minutes in run B1 is 1.4%. This value may be taken
as the baseline for the magnitude of the deviations in the eTape signal in the mixed bedrock-alluvial runs.
Subtracting it from the values obtained in runs BA1 and BA2 yields deviations of 0.4% and 4.3% respectively.
Therefore, the median absolute deviation for alluvial cover in run BA2 was approximately 14 times greater
than in run BA1 (0.72%/0.05%) and for the slopes it was approximately 11 times greater (4.3%/0.4%).
The fluctuations in alluvial cover modify the resistance experienced by the flow. Fig. 3.7 shows the temporal
series of the dimensionless friction coefficients for runs BA1 and BA2. The solid black lines correspond to
the total friction coefficient in the bed region Cfb obtained after applying the wall correction (Vanoni and
Brooks, 1957); the blue and light blue lines correspond to the friction coefficient due to form drag Cff ;
the dark and light gray lines correspond to the skin friction coefficient Cfs. The latter two coefficients
were obtained after applying the shear partition of Einstein (1950). The light blue and gray series were
calculated with the approach of Johnson (2014) whereas the dark blue and gray series were calculated with
the approach of Inoue et al. (2014). The fluctuations in the friction coefficient due to form drag in run BA2
are a consequence of the freely-migrating bars.
3.4.6 Equivalent roughness heights
When back calculated from a Manning’s n or Chezy friction coefficient, it is common to find equivalent
roughness heights which are larger than the flow depth (Garcia, 2008). Given the results shown in Table 3.5
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and Fig. 3.8, it is not surprising that this is the case if, for instance, the equivalent roughness height relates
to a bulk (‘total’) friction coefficient that is not split into skin and form friction components. Composite
equivalent roughness heights kc have been used in the context of flows with bedforms (e.g. Nelson and Smith,
1989; Wright and Parker, 2004) and they account for both skin friction and form drag. The use of the term
‘composite’ in this section requires clarification. Throughout this paper, the term “composite roughness”
has been used to refer to an equivalent roughness height estimated as a weighted average of the roughness
heights of alluvium and bedrock in a mixed bedrock-alluvial bed (Eq. 3.13). Nevertheless, in this section it
refers to the equivalent roughness height due to the combination of skin friction and form drag.
The equivalent and composite roughness heights were calculated with the use of Eq. 3.20. In general, the
roughness heights obtained for the wall regions of the flow are rather small; their values are less than 0.3
mm and 2-3 orders of magnitude smaller than those of the bed region (Fig. 3.8). For comparison, the height
of the viscous sublayer (Eq. 3.21) varies between 0.67 mm (Run A2) and 1.48 mm (Run F1). Since ks < δv,
the walls of the Kinoshita flume are hydraulically smooth.
The average bed form heights for runs A1, A3 and BA2 were: 0.05 m, 0.025 m and 0.07 m which correspond
to approximately 60% of the centerline flow depth. The roughness heights for the bed region in these runs
are larger than the flow depth. This is likely due to the fact that the overall resistance in the bed region
also includes form drag due to the meandering planform geometry of the flume.
The equivalent roughness heights in B1 are larger than in BA2 (Fig. 3.8). These suggests that adding some
alluvial cover decreased the overall resistance in the flume, relative to the value prevailing for a pure bedrock
bed. This is also shown in Tables 3.3 and 3.4 and discussed further in section 3.4.8 below. The roughness
height of the bed region in run BA2 is 2-3 times larger than in runs B1 and BA1 and in contrast with the
latter two where the skin friction was larger than form drag, the equivalent roughness height associated with
form friction in run BA2 is approximately 10 times larger than that due to skin friction. The magnitude
of this redistribution in hydraulic resistance due to the presence of bedforms is not captured with the use
of Eqs. 3.13 or 3.14. Both Johnson (2014) and Inoue et al. (2014) acknowledge this. We discuss the issue
further in section 3.4.9.
3.4.7 Reach-averaged vs. local hydraulic resistance
Fig. 3.6a shows that the fluctuations in alluvial cover, averaged over one wavelength, vary between 0.75
and 0.80. However, locally, the fluctuations in alluvial cover are much larger. Figure 3.8 shows a region of
the flume close to CS13 (Fig. 3.1a) at two different times during the run. The local alluvial cover within
that window shows values of 0.97 (Fig 3.9a) and 0.70 (Fig. 3.9b). These values only represent two instants
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but are enough to suggest that locally, alluvial cover fluctuations are larger than the values obtained after
averaging over one wavelength. The magnitude of the fluctuations will be dependent on the window size
used to compute the alluvial cover.
The set up used in these experiments does not allow for local calculations of water surface slope fluctuations;
thus the local friction coefficients may not be estimated. Nevertheless, the available measurements at the
‘reach’ scale (one wavelength) confirm that local fluctuations in alluvial cover have an effect in overall shear
stress distribution and, as a consequence, will affect sediment transport and morphodynamics (Hodge et al.,
2016; Inoue et al., 2014; Johnson, 2014; Nelson and Seminara, 2012).
Figure 3.9: Local variation in instantaneous alluvial cover during run BA2. (a) pc = 0.97 and (b) pc = 0.70.
.
3.4.8 Role of alluvial cover on hydraulic resistance
The role of alluvial cover on hydraulic resistance has been described by a few authors based on experimental
measurements (Chatanantavet and Parker, 2008; Finnegan et al. 2007), field observations (Ferguson et al.,
2017a, b; Hodge et al., 2011), and theoretical and numerical considerations (Johnson, 2014; Inoue et al.,
2014; Nelson and Seminara, 2014, 2012). Two cases are worth discussing:
Alluvial roughness > bedrock roughness: In this condition, the critical shear stress required to mobi-
lize a grain of sediment is greater when it is over alluvium than when it is over bedrock (e.g. Hodge
et al. 2016, 2011). Therefore, two conditions are possible, namely: runaway alluviation and through-
put bedload. The first one may occur when the shear drops below the critical value for the bedrock.
As soon as sediment starts to deposit, the bed roughness increases drastically, leading to runaway
alluviation. The second condition might occur when, under a fully alluvial bed, the shear stress rises
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above the critical value needed to mobilize the alluvium. If patches of bedrock become exposed, the
roughness will decrease and therefore sediment will become more mobile until all the bed is depleted of
sediment. If sediment continues to be supplied from upstream at the same rate, particles will simply
roll, slide and saltate out of the reach as throughput bedload (Inoue et al., 2014).
Bedrock roughness > alluvial roughness: In this condition, it is harder to move a grain of sediment
deposited over bedrock than it is to move a particle lying on a sediment patch (Ferguson et al., 2017a).
This is the condition under which the BA1 and BA2 experiments were conducted (Fig. 3.4). If sediment
continues to be supplied from upstream, it will start filling the lower portions of the bed until it forms
patches. These alluvial deposits will offer less resistance to the flow, and bedload will be preferentially
transported over them (Hodge and Hoey, 2016). If the shear stress increases above the critical shear
stress to mobilize grains over the bedrock, the sediment may be washed away rapidly (e.g. Ferguson
et al., 2017; Chatanantavet and Parker, 2008)
Table 3.1, shows the water surface slopes for the different runs. The average slope for run BA1 was smaller
than the average slope for run B1. This reduction is associated with an overall reduction in resistance due
to the addition of sediment which formed patches along the reach. The results for the friction coefficients
(Tables 3.3 and 3.4) also show the reduction in hydraulic resistance offered by the bed.
3.4.9 How to deal with the bedforms?
The approaches corresponding to Eqs. 3.13 and 3.14 do not account for bedforms. However, bedforms can
change the friction coefficient up to a factor of five (Garcia, 2008), and therefore, flow depths can increase
concomitantly. Accounting for bedforms is important in order to properly quantify the interactions between
alluvial cover, transport rates and incision rates in mixed bedrock alluvial rivers. We propose to modify Eq.
3.14 so as to incorporate the effect of form drag. For example, a relation like Eq. 3.22 could be used, where
fas is the friction coefficient for alluvial cover due to skin friction and faf is the friction coefficient due to
form drag caused by bedforms. Alternatively, using an approach similar to Eq. 3.13, we propose to use an
equivalent roughness height that accounts for both the skin friction ksa and form drag ksf as shown in Eq.
3.23. There are different methods in the literature that use such a composite roughness height (e.g. Wright
and Parker, 2004; Nelson and Smith, 1989; Kikkawa and Ishikawa, 1979). Depending on channel scale and
context (laboratory or field), and flow regime, one or another might be better suited to estimate kc, i.e. the
combination of ksa and ksf .
f = (fas + faf ) pc + fb (1− pc) (3.23)
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ks = (ksa + ksf )pc + kb (1− pc) (3.24)
3.5 Conclusions
Proper quantification of hydraulic resistance, and associated friction coefficients, continues to be a challenge
due to the multiple factors that contribute to it. In the original work of Nikuradse (1933) resistance was
a simple concept associated with a single parameter: sand diameter. Nevertheless, in the context of open
channel flow, hydraulic resistance has many possible sources. Distinguishing each specific contribution is no
easy task.
It has been common practice to linearly add the different effects, but as has been shown in this study, some
of these effects are inter-related and cannot be separated into independent components. For example, the
hydraulic resistance experienced by the flow in a meandering channel is due to the meandering planform
geometry, which contributes to the existence of secondary flow cells which, in the presence of sediment, create
point bars. With available techniques, all these effects have to be lumped into a single friction coefficient
due to form drag.
The results presented in this study contribute to better understanding of hydraulic resistance in mixed
bedrock-alluvial channels. Specifically:
1. Hydraulic resistance in a mixed bedrock-alluvial river reach changes with the degree of alluviation.
2. If the bedrock roughness is larger than the alluvial roughness, hydraulic resistance is greater for bare-
bedrock conditions, and it decreases as sediment supply increases. Insofar the amount of sediment and
hydraulic conditions do not lead to the formation of bedforms, the hydraulic resistance is expected to
continue to decrease even as sediment supply increases. Nevertheless, as was shown in this study, if
bedforms are present, the hydraulic resistance might actually increase beyond the resistance of the fully
exposed bedrock. The friction coefficient due to form drag decreased by 30% after adding alluvium
but once more alluvium was added and bedforms appeared, it increased 2.5 times.
3. Alluvial cover fluctuations change the hydraulic resistance of the flow. With the use of the eTapes
we were able to measure this in a quasi-instantaneous manner. Our experimental results suggest that
the theoretical approaches of Inoue et al. (2014) and Johnson (2014) are valid to estimate composite
roughness in mixed bedrock-alluvial channels. The variation between the results obtained with both
approaches was smaller than 5%. It is likely that both approaches are equally appropriate to estimate
composite roughness in mixed bedrock-alluvial channels.
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4. Better quantification of the hydraulic resistance in mixed bedrock-alluvial channels can be achieved by
taking into consideration the additional roughness created by the presence of bedforms. The approaches
of Inoue et al. (2014) and Johnson (2014) may be extended to include the effect of bedfoms as we
propose in Eqs. 3.22 and 3.23. More research is required to assess their applicability.
5. The problem of mixed bedrock-alluvial beds studied here, is similar to the case of alluvial rivers with
vegetated patches. Depending on flood stage, the flow will experience an increased hydraulic resistance
due to the presence of those vegetation patches. These effects could be studied in the laboratory with
the help of the eTapes used in this study.
3.5.1 Recommendations for future research
The following ideas for future research arose during the preparation of this paper:
1. One of the assumptions of the Vanoni and Brooks (1957) procedure for side-wall correction is that the
roughness of the bed and wall regions, although different, must be homogeneous within each region.
This assumption does not hold in the case of mixed bedrock-alluvial channels because the bed roughness
is not homogenous. The procedure should be revisited to incorporate the possibility of more than just
two regions. The relevance of the issue is not constrained to laboratory applications. Many mixed
bedrock-alluvial rivers are in canyons whose cross-sections cannot be assumed to be wide. Moreover,
the method should be able to account for the case where the walls are hydraulically rougher than the
bed as well. The data available in Cox (1973) might prove as a useful starting point to revisit the
latter issue.
2. A study of the changes in hydraulic resistance due to local variations in alluvial cover would require
similar experiments but with a denser network of eTapes. Experiments in a straight flume with 3 or 4
sets of eTapes on both sides would allow for a better assessment of the changes in local water surface
slopes due to local changes in alluvial cover. Instead of conducting experiments with a continuous
supply of sediment, it would also be of value to start with bare bedrock and then add sediment into
the system for a specific amount of time, and then stopping. The resulting temporal series of alluvial
cover and slopes would allow for better quantification of the hydraulic resistance due to the presence
of a migrating sediment wave.
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Chapter 4
Meltwater meanders on ice:
Laboratory and field
Abstract
Rivers develop meandering patterns in many different media and across many different scales. One particular
case is that of supraglacial meltwater meandering channels, which form and evolve over glaciers and other
ice surfaces. These channels show remarkable similarities with meandering channels in other media such as
alluvium and bedrock. This study presents the results of experiments at two scales on meltwater meandering
channels, i.e. width ∼ 1 cm and width ∼ 1 mm. These meandering channels show such features as the
formation of overhangs, knickpoints, features analogous to scroll bars recording pulsed incision, and bend
cutoffs. We use laboratory and field data to characterize meltwater meandering channel patterns, and
compare them to the cases of alluvial and bedrock meandering channels. Results suggest that despite the
differences regarding the processes by which meandering channels develop and evolve (erosion, wear, melting),
there appears to be a common underlying formative framework that justifies the analogy in planform.
4.1 Introduction
Rivers and other channels containing liquid flow develop meandering patterns over different media and across
a broad range of scales. Typical examples of meandering channels are alluvial rivers which form and evolve
by erosion and deposition of sediment (e.g. Fisk, 1944; Seminara, 2006) and interactions with riparian veg-
etation (e.g. Braudrick et al., 2009). Channel widths in these rivers vary between 100-103 m. Meandering
channels also form in bedrock where the driving processes include dissolution (e.g. Veress and To´th, 2004;
Allen, 1971; Zeller, 1967), abrasion by sediment particles (Sklar and Dietrich, 2002), plucking of bedrock
(Chatanantavet and Parker, 2009; Whipple et al., 2000) and weathering (Pelletier and Baker, 2011). Channel
widths vary between 10−3-10−2 m for the dissolutional case and between 100-102 m for channels dominated
by one or a combination of the other mechanisms.
Rivulets on a plane can also meander due to an instability associated with surface tension (Le Grand Piteira
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et al., 2006; Davies and Tinker, 1986; Culkin and Davis, 1984) and have channel widths in the range 10−3-
10−2 m. Channelized flows over ice surfaces also develop meandering patterns due to differential melting
and have channel widths in the range 10−3-102 m (e.g. Karlstrom et al. 2013; Parker, 1975; Ferguson, 1973;
Zeller, 1967).
In spite of the differences in size and underlying mechanisms, similarities in planform and channel mor-
phology exist across media and scale. This paper focuses on (a) the characteristics of laboratory and field
meltwater meandering channels and on (b) the degree of similarity between meltwater meandering channels
and meandering channels in other media. The laboratory data include experimental results on cm-scale
meltwater meanders and on self-formed mm-scale meltwater meanders.
Figure 4.1 shows an ice island with melt ponds and meltwater meandering channels on its surface. The ice
island started as a very large iceberg which broke off of Peterman Glacier, and had been splitting into pieces
as it drifted south over the Atlantic Ocean for more than a year. The image motivated the experimental
work presented herein. Simply put, it shows an ice block with water flowing over it in a purely melting
environment, conditions that can be reproduced in the laboratory.
Figure 4.1: Ice Island with melt ponds and meltwater channels on the Atlantic Ocean close to Newfoundland,
Canada. Information: Image of Peterman Ice Island A, fragment 2 captured by an astronaut from the
International Space Station on August 29th, 2011. Source: ISS Crew Earth Observations experiment and
Image Science and Analysis Laboratory, Johnson Space Center.
63
4.2 Meltwater channel meandering
4.2.1 Background
When compared to the cases of alluvial and bedrock meandering, meltwater meandering channels have re-
ceived little attention in the literature. Interest in supraglacial meandering channels seems to have been
triggered by Leopold and Wolman (1960) who described two meltwater meandering channels in the Din-
woody Glacier, Wyoming and compared their planform and channel geometry to that of alluvial rivers.
In the following two decades, a small number of researchers focused on the subject, with most reporting on
field measurements. In general, it was found that supraglacial meandering channel and planform charac-
teristics are similar to those of alluvial meandering channels (Zeller, 1967; Knighton, 1972; Ferguson 1973;
Dahlin, 1974; Dozier, 1974). Notwithstanding these similarities, an important difference with alluvial mean-
dering streams was observed. Supercritical (Fr > 1) flow conditions were documented by Knighton (1972)
and Dahlin (1974), and a linear stability analysis of the problem suggested that supercritical flow conditions
were necessary for meandering to occur in supraglacial streams (Parker, 1975).
In the following years however, focus shifted towards study of the dynamics and hydraulic geometry of
supraglacial streams (e.g. Knighton 1985, 1981; Marston, 1983; Dozier 1976) and away from the study of
meandering itself. Three decades went by until Karlstrom et al. (2013) presented a new theoretical model
of meander formation in supraglacial streams in which, among other outcomes, they found that meltwater
meandering can also occur under subcritical flow conditions.
4.2.2 Formation and evolution processes
Meltwater meandering channels are features commonly found on glaciers and icecaps in the summer months
when surface ablation is significant. Some of these channels are ephemeral (Knighton, 1972; Zeller, 1967)
and some are perennial (Ferguson, 1973) but in either case, channels originally form due to the flow of water
released during snowmelt in the spring. Sheets of meltwater flow gradually concentrate along longitudinal
lines of structural weakness in the ice (Knighton, 1972) or become channelized due to local factors that favor
melting (Leopold and Wolman, 1960).
Even though fluvial erosion has been observed in such streams (Ferguson, 1973), channel incision is mainly
driven by thermal erosion (Marston, 1983; Dozier, 1976); a process that is enhanced by solar radiation
through the water column (Dozier, 1970). Meander bend growth occurs due to differential melting (Parker,
1975) and lateral migration is greatest at bend apexes where channel curvature increases heat production
and transfers the thread of high velocity to the outer banks (Karlstrom et al., 2013).
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Meltwater meandering channels have certain features that are unique to them. For example:
1. Flows may increase downstream even in the absence of tributaries or overland flow due to thermal
melting of the channel bed and walls and the role of direct solar radiation through the flowing water
(Knighton, 1981; Dozier, 1970; Holmes, 1955).
2. Flows may decrease in the downstream direction due to the presence of crevasses or cracks that connect
the surface channels to englacial conduits and subglacial networks (Marston, 1983)
3. Most surface channels flow into moulins which frequently shift in position during the ablation season.
Therefore, base levels are seldom constant for extended periods of time (Knighton, 1981).
4. Channels may be completely obliterated by snowfall between the fall and winter months.
5. Flow distribution among channels on intra- and inter annual scales is prone to change depending on
global ablation rates, snowpack thickness and connection to englacial conduits.
4.3 Materials and methods
4.3.1 Centimeter scale experiments
Ice blocks were made by filling a lidless cooler with tap water and placing it inside a chest freezer. The
interior dimensions of the cooler are 0.96 m x 0.38 m x 0.38 m. To run an experiment, the cooler was taken
out of the chest freezer and left at room temperature until the ice block became loose and could be slid out
of the cooler. Within this waiting period, a rivulet was carved on the surface of the ice block with a chisel.
After the ice block was taken out of the cooler, it was placed on the floor according to the setup shown in
Figure 4.2.
Elevations along the carved rivulet and the ice surface were measured with a point gage. This was done
before the run and at different times during the run to measure channel slope. A Mariotte bottle, which
is a device that delivers a constant rate of flow from a closed container, was used as the inflow source for
the experiments. The Mariotte bottle used was made from a commercially available 18.9 L water jug. The
Mariotte bottle was filled with ice first and then with tap water to lower the inflow temperatures throughout
the run. Flow discharge was maintained at 250 mL/min (4.2 cm3/s) for all runs reported herein.
Planform evolution of the channel was documented with time lapse imagery. Images were acquired at a
constant frequency with typical time steps of 2-3 seconds depending on the experiment, although we report
on a run that had a time step of 10 seconds. Inflow water temperature was measured with a common ther-
mometer and ice block temperatures were measured with a handheld infrared thermometer. Flow depths
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were measured with a periodontal probe and also estimated as follows: H=Q/(UB) where H is depth, Q is
flow discharge, U is reach-averaged velocity and B is reach-averaged channel width.
The experimental measurements were complemented with a mold of the channel made with a Room-
Temperature-Vulcanizing (RTV) Silicone. Specifically, the two part silicone rubber used was Mold MaxTM
30 as the base and Fast CatTM 30 as the curing agent. The silicone rubber was poured into the channel
beginning from the lowest elevation areas and allowed to harden while the ice block melted. The mold was
recovered once the ice block melted completely.
Figure 4.2: (Experimental set up for cm-scale laboratory meltwater meandering channels.
4.3.2 Milimeter scale experiments
The mm-scale experiments were, at first, an unexpected incidental by-product of the cm-scale experiments.
As the channel resulting from a cm-scale run was being molded, the mm-scale channels formed from thin
meltwater flow generated on the surface of the ice block to either side of the mold, by heat release from
molding material as it hardened. Figure 4.3 shows the first set of mm-scale channels that was observed.
Following this discovery, the formative process was intentionally repeated to document the planform char-
acteristics of the mm-scale channels.
Subsequent runs involved molding a cm-scale channel and letting the mm-scale channels form and evolve.
The small size of the mm-scale channels only allows measuring planform morphology with the help of images.
This was achieved by adding dye over the ice surface once the channels were formed.
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Figure 4.3: (a) Top and (b) side view of ice block over which (c) first set of mm-scale self-formed meltwater
meanders were observed. Area shown in (c) corresponds to region indicated in (a). Images in (a) and (b)
were taken before adding dye.
4.3.3 Image processing methods
Channel centerlines of meltwater meanders in laboratory and field images were manually digitized within
MatLab. The (x, y) coordinates of the centerlines were saved as two column text files containing as many
rows as vertices used to digitize the centerline. The meltwater meandering centerlines (laboratory and field)
used in this study are shown in Appendix 3.
The time-lapse images from the cm-scale runs were used to measure reach-averaged flow velocities, average
channel widths and lateral migration rates. Images were analyzed in MatLab with routines we specifically
developed for this purpose.
All length scales were measured in the images (in pixels) and converted to real length units using the cor-
responding resolution. Image resolution was determined by measuring a known distance in the image and
associating the number of pixels to the known length value. Time difference between images was used to
compute velocities and lateral migration rates.
Specifically, average channel widths were determined by measuring widths along the centerline at various
locations and computing the mean value; lateral migration rates were determined by computing the dis-
placement of the apex of a given meander bend at different times throughout the run and dividing by
the corresponding time interval; and reach-averaged velocities were determined by calculating the along-
centerline distance traveled by injected dye fronts in subsequent images and dividing by the time between
them.
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4.3.4 Channel centerline preparation and analysis
Meandering river data in the NCHRP database (Lagasse et al., 2004) were used to compare the characteristics
of meltwater meandering channels with those of alluvial rivers. River centerline coordinates were extracted
in ArcMap and exported to text files. The text files have the same format as those created after the image
analysis of the meltwater meandering channels.
Once all channel centerlines were extracted, a MatLab routine was written to process and analyze them.
The routine performed the following tasks: (1) Load a centerline and translate it so that the upstream-most
node in the reach is located at the origin of the Cartesian plane; (2) Compute the spatial direction series
and determine its mean value; (3) Use it to standardize the direction series (rotate the centerline) so that
the new average value along the reach is equal to zero; (4) Smooth the centerline at half channel width
increments using the method developed by Gu¨neralp and Rhoads (2008). This method outputs X∗,Y ∗,C∗
and S∗ where X∗ and Y ∗ are vectors holding the coordinates of the smoothed centerline, C∗ is the curvature
series vector and S∗ is the vector of streamwise (along channel) coordinates; (5) Make all four series output
in the previous step dimensionless as shown below:
(X,Y, S) = (X∗, Y ∗, S∗) ·B−1 (4.1)
C = C∗B (4.2)
where B is the channel width, (X,Y ) are vectors of dimensionless centerline coordinates, S is the dimen-
sionless streamwise coordinate vector and C is the dimensionless curvature series; (6) Compute meander
bend characteristics using the method developed by Vermulen et al. (2016). This method allows computing
meander bend wavelength, and coefficients of fatness and skewness (Parker et al., 1982). Langbein and
Leopold (1966) noted that meander bends sometimes possess double-valued planforms which makes them
look round and full or as Parker et al. (1982) put it, ‘fat’. The coefficient of fatness is a measure of how
round or angular a meander bend is. Skewness refers to the direction towards which a meander bend is
pointing with respect to the direction of the flow.
Figure 4.4 shows a graphic description of these parameters. The top portion of the figure shows a round
meander with a positive fatness coefficient (ff > 0) and an angular meander with a negative fatness coeffi-
cient (ff < 0). The middle portion of the figure shows a downstream-skewed bend with a positive skewness
coefficient (fs > 0) and an upstream-skewed bend with a negative skewness coefficient (fs < 0). Upstream
skewness coefficients are negative because all channel centerline coordinates S in this study were defined such
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that they are positive in the downstream direction. Figure 4.4 also shows a definition sketch for meander
sinuosity. Sinuosity (Ω) is the ratio between the along-channel distance and the valley (straight) distance as
follows:
Ω = (DistABCDE) · (DistAE)−1 (4.3)
Figure 4.4: Meander bend parameter definitions.
4.4 Results
4.4.1 Signatures of lateral migration
Lateral migration is common to meandering rivers in all media as shown in Figure 4.5. Examples of pulsed
lateral migration features in an alluvial river (scroll bars), a bedrock river and a cm-scale meandering channel
are indicated with thick arrows. As rivers migrate laterally by erosion, incision or melting, conditions might
lead to the formation of undercut banks as shown in Figure 4.6. Undercut banks and the corresponding
overhangs are preserved in bedrock channels whereas in the alluvial and ice cases are eroded or melted away
rather rapidly.
Another characteristic morphology of meandering channels is the tendency of bends to be skewed in a certain
direction. Upstream or downstream skewness depends on local processes and conditions driving planform
evolution. Figure 4.7 shows four examples of meandering channels with very different scales; all show skewed
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bends. Figure 4.7 also shows the presence of terraces in all four settings. Terraces can be considered to be
the bedrock and ice meandering channel analogs to alluvial river point bars.
Meander bend migration might also lead to cutoffs. Figure 4.8 shows examples of chute and neck cutoffs in
alluvial, bedrock and meltwater rivers in the field and in meltwater laboratory channels. An imminent neck
cutoff in a mm-scale channel is also shown in Figure 4.7c.
Figure 4.5: Pulsed lateral migration features indicated by arrows in (a) an alluvial river (scroll bars); (b)
a bedrock river; (c) rubber mold of a meltwater laboratory channel; (d) meltwater laboratory channel; and
(e) close up of bend in rubber mold region indicated in (c). Image information: (a) Mamore river, Beni,
Bolivia; Location: 255,863.55 m E 8,514,710.26 m S; Source: Google Earth. (b) Tributary of the San Juan
River; Bedrock river in the Mogollon Rim, Utah, USA; Location: 574,447.88 m E 4,141,533.73 m N; Source:
Google Earth. (c)-(e) Source, this study.
4.4.2 Signatures of vertical incision
Meander cutoffs lead to the formation of oxbow lakes in alluvial meandering rivers. In the cases of supraglacial
and bedrock meanders, the bends become abandoned after the cutoff and, as vertical incision continues, they
end up being at a higher elevation than the channel (Figure 4.8b). Abandoned bends are the bedrock and
ice analogs to oxbow lakes.
Knickpoints are localized steps in the river profile. They do not represent a morphological feature specific
to meandering streams, but their formation and upstream propagation in our cm-scale experiments is worth
noting. Figure 4.9 shows examples of knickpoints in the field and in the laboratory. Upstream knickpoint
migration as the meltwater channel incised is highlighted in Figure 4.9c.
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Figure 4.6: Undercut bank in (a) an alluvial river; (b) a bedrock river; (c) a rubber mold of a laboratory
meltwater channel and (d) a schematic of the laboratory meltwater channel in (c). Image information: (a)
Embarras River, Indiana, USA. Picture by G. Parker; (b) Turkey Run, Indiana, USA. Picture by G. Parker;
(c) Picture by R. Ferna´ndez.
Figure 4.7: Bend skewness and terrace in (a) a bedrock river, (b) a supraglacial meltwater meandering
channel, (c) a self-formed mm-scale laboratory meltwater meandering channel and (d) soluble limestone
(meanderka¨rren). Image information: (a) Horseshoe bend, Arizona. Source: Google Images. (b) Concordia,
Pakistan. Source: D. Kaszlikowski. (c) Source: This study. (d) The Burren, Ireland. Source: S. Marshak.
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Figure 4.8: Cutoffs in (a)-(b) an alluvial river, (c) a bedrock river; (d) a rubber mold of a laboratory
melt water channel; (e)-(f) a supraglacial meltwater stream; and (g)-(h) self-formed meltwater laboratory
channels. Image information: (a)-(b) Chute cutoff in a bend of the Wabash River just upstream of the
confluence with the Ohio River; Location: 408,181.46 m E 4,186,022.16 m N; Source: Google Earth. (c)
Bedrock tributary of the San Juan River; Mogollon Rim, Utah, USA; Location: 574,447.88 m E 4,141,533.73
m N; Source: Google Earth. (d) Neck cutoff on rubber mold from a laboraotry meltwater channel. Source:
this study. (e)-(f) Supraglacial meltwater stream in the Root Glacier, Alaska; Location: 399,186.46 m E
6,831,268.59 m N; Source: Google Earth. (g)-(h) Neck and chute cutoffs on self-formed laboratory meltwater
meandering channels. Source: This study.
Table 4.1: Statistics of planform evolution parameters.
Channel Sinuosity [ - ] / Wavelength-to-Width Ratio [ - ] Fatness Skewness
Type Min. q1 Median q3 Max. ff > 0/ff < 0 fs > 0/fs < 0
mm-Lab 1.50/5.6 1.72/7.5 2.01/7.9 2.21/9.1 2.79/10.4 57/42 45/54
cm-Lab 1.03/5.0 1.24/6.2 1.36/6.9 1.46/8.8 1.54/13.1 50/50 53/47
Root Glacier 1.87/10.0 1.93/10.7 2.11/12.7 2.11/12.7 2.12/12.7 55/43 48/50
Ice Island 1.25/5.7 1.43/5.9 1.54/8.1 1.54/8.1 1.95/9.0 50/50 80/20
NCHRP Rivers 1.14/5.6 1.37/8.2 1.92/12.1 1.92/12.1 2.92/19.7 53/46 42/57
4.4.3 Planform morphology
Figure 4.10 shows boxplots of sinuosity (Ω), wavelength-to-width ratio (λB−1), skewness (fs), and fatness
(ff ) for meltwater channels in the laboratory and the field and for the alluvial rivers in the NCHRP database.
Table 4.1 summarizes the statistical values obtained.
In Figure 4.10, the first and second boxes correspond to the mm- and cm-scale laboratory experiments
respectively. The third and fourth boxes correspond to field meltwater meanders, which have been segregated
into those found over a glacier and those on the Peterman Ice Island. The last box corresponds to the rivers
in the NCHRP database.
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Figure 4.9: Knickpoints indicated by yellow arrows on (a) mixed bedrock alluvial river, (b) supraglacial
meltwater channel, (c) rubber mold of a laboratory meltwater channel, (d) laboratory meltwater channel
and (e) close-up of rubber mold shown in (c). Image information: (a) Sheep Falls at Falls River, ID. (Source:
J. Packer). (b) Supraglacial meltwater channel flowing towards a moulin on the Greenland ice sheet. (Source:
www.sciencepoles.org). (c)-(e) Source: this study.
Boxes are plotted according to the following rules: the median value is shown as the horizontal line inside
the box, and the top and lower edges of the box indicate the 75th and 25th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers. A value is considered an outlier if
it is greater than q3 + 1.5(q3 − q1) or smaller than q1 − 1.5(q3 − q1) where q3 is the 75th percentile (or third
quartile) and q1 is the 25
th percentile (or first quartile).
4.4.4 Channel and planform evolution
The planform evolution of four examples of cm-scale meandering channels is shown in Figure 4.11. Table
4.2 summarizes measured and estimated hydraulic parameters for the four channels at different times during
the runs. Approximate channel depths were measured with the periodontal probe in runs 2, 3 and 4. Depths
measured were between 1 and 3 mm; due to the characteristics of the instrument, more precise measurements
were not possible. The values reported in Table 4.2 were estimated from other known variables assuming a
rectangular cross section at the straighter portions of the reach.
Froude numbers were calculated as: Fr = U(gH)
−1/2 where g is acceleration of gravity (9.81 m/s2) and the
Reynolds numbers were calculated as follows: Re = URHν
−1 where: RH = BH(B + 2H)−1 is an estimate
of the hydraulic radius and ν is the kinematic viscosity of water. Since the water temperature was changing
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from upstream to downstream, a value of ν = 1.4x10−6 m2/s, corresponding to a temperature of 7◦C, was
used. The reach-averaged velocities reported for Run 01 are an estimation of the minimum value that could
have prevailed in each case. The time between images for this run was 10 seconds and therefore velocities
could not be calculated as in the other runs, where the position of the dye front was tracked in subsequent
images. This affects the Froude and Reynolds numbers as well as the dimensionless migration rates. We
decided to include them in our compendium because they at least provide an order of magnitude.
Figure 4.10: (a) Sinuosity, (b) wavelength to width ratio, (c) fatness and (d) skewness of meltwater mean-
dering channels and the rivers in the NCHRP (see text) database.
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Figure 4.11: Planform evolution for four different cm-scale laboratory meltwater meandering channel exper-
iments.
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Table 4.2: Statistics of planform evolution parameters.
Run
Time
Median Average Estimated Width-to- Froude Reynolds Migration Average Temperature
Sinuosity
Width Velocity Depth Depth ratio Number Number Rate Slope Inflow Outflow Ice Block
t[min] B[cm] U [cm/s] H[cm] B/H[−] Fr[−] Re[−] x10−4[−] S[−] Ti[◦C] To[◦C] Tb[◦C] Ω[−]
01
0.0 1.2 - - - - - - - 5 - - 1.03
7 2.0 7 0.36 5.5 0.4 132 9 - 5 - - 1.06
20.0 2.6 - - - - - - - 5 - - 1.09
36.5 2.3 8 0.28 8.0 0.5 127 4.3 - 5 - - 1.19
02
0.0 1.1 - - - - - - 0.073 17 - - 1.07
4.6 1.5 25.0 0.11 13.5 2.4 171 1.6 - - - - 1.14
9.8 1.6 15.6 0.17 9.4 1.2 156 2.7 - 18 - - 1.24
12.4 1.8 13.9 0.17 10.6 1.1 142 2.8 0.053 - - - 1.34
14.4 1.7 12.0 0.20 8.6 0.9 139 2.0 - - - - 1.39
18.8 2.0 - - - - - - - 19 - - 1.35
36.3 2.2 - - - - - - 0.029 - - - 1.41
03
0.0 1.0 13.3 0.31 3.2 0.8 183 - 0.097 15.5 2 -1.8 1.17
4.7 1.3 17.2 0.18 7.4 1.3 175 4.9 - - 2 - 1.24
10.5 1.5 13.7 0.21 7.0 1.0 158 2.7 0.053 16 2 -1.6 1.31
15.2 1.6 14.8 0.18 8.6 1.1 155 2.4 - - 2 - 1.41
21.6 1.2 15.1 0.23 5.2 1.0 179 2.5 - 17 2 -0.8 1.45
28.8 1.5 10.1 0.27 5.5 0.6 145 2.2 0.058 - 2 - 1.47
04
4.0 1.3 12.2 0.27 4.6 0.8 166 - 0.062 14 2 -1.8 1.31
7.7 1.5 10.7 0.25 6.0 0.7 146 3.2 - - 2 - 1.35
11.1 1.6 12.5 0.21 7.9 0.9 147 2.9 0.056 - 2 - 1.37
14.4 1.4 12.1 0.25 5.4 0.8 159 4.3 - 18 2 -1.2 1.44
18.8 1.4 10.1 0.29 5.0 0.6 148 2.4 0.036 - 2 - 1.50
21.4 1.6 9.7 0.26 6.3 0.6 139 3.4 - 19 2 -1.0 1.54
24.1 1.3 - - - - - - - - 2 - 1.53
27.1 1.7 8.7 0.28 5.9 0.5 132 - - - 2 - 1.52
28.8 1.6 - - - - - - 0.025 21 2 -0.6 1.54
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4.5 Discussion
4.5.1 Qualitative similarities and differences
Meltwater channels in the field and the laboratory have morphologies that are similar to those observed
in alluvial and bedrock rivers. In any given bend and depending on the media over which the meandering
channel flows, lateral migration signatures may be observed along either or both banks.
In the case of alluvial rivers, scroll bars reflecting lateral migration pulses are found on the inner bank (Fig.
4.5a) (e.g. Strick et al., 2018). In active bends, their presence in floodplains might reflect ∼ 100-101 years of
bend migration. On the outer bank it is possible to observe undercut banks and overhangs (Fig. 4.6a) (e.g.
Thorne and Tovey, 1981). These features have a relatively short lifespan (∼ 10−1-100 years) nonetheless.
Erosion of the bank toe leads to cantilever failure of the overhang and to the formation of slump blocks (e.g.
Hackney et al., 2015).
In bedrock meandering rivers, lateral migration signatures are observed as terraces on the inner parts of
bends (Fig. 4.5b, 7a) (e.g. Finnegan and Dietrich, 2011) and undercuts and overhangs on the outer parts
of bends (Fig. 4.6b) (e.g. Inoue et al., 2016). The lifespan of these features is orders of magnitude greater
than that of the alluvial case (∼ 102-106 years).
Supraglacial meltwater meandering channels have channel widths ranging between 10−1-101 m. Depending
on their size, the channels might be completely obliterated from one year to another or they might be
perennial (Ferguson, 1973). Regardless of scale, solar induced melting and precipitation in the warmer
months and snowfall in the colder months tend to erase the signatures of lateral migration.
Insofar the experiments in cm-scale meandering channels reflect the characteristics of supraglacial meltwater
channels, they suggest that lateral migration features might also be seen in both the inner and outer banks.
Pulsed lateral migration episodes, analogous to those responsible for the formation of scroll bars and terraces,
were recorded as streak lines on the overhangs on the outside of bends (Fig. 4.5c). Our experiments suggest
that these pulsed lateral migration signatures may be present in meltwater channels in the field as well.
Their life span might be short (∼hours-weeks) due to solar induced melting or cantilever failure of the ice
overhang.
On the inner side of bends, smooth sloping terraces similar to alluvial point bars were observed in the
experiments (Fig. 4.6c, 4.7c) and have been seen in the field (e.g. Fig. 4.7a). These terraces on the inner
parts of bends melt according to the overall glacial surface ablation rates. In contrast with the bedrock case,
their elevation with respect to the bed of the channel remains relatively constant (Karlstrom et al. 2013;
Knighton, 1981).
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Lateral migration promotes meander bend growth, thus increasing sinuosity. The process is, nevertheless,
regulated by the occurrence of cutoffs (Fig. 4.8). In alluvial meandering rivers, cutoffs create oxbow lakes.
Oxbow lakes are abandoned bends whose inlet and outlet become plugged by sediment, preventing flow
from entering the bend (e.g. Constantine and Dunne, 2008). These lakes can fill up with mud during floods
and eventually become covered by vegetation (clay plug). In bedrock meandering rivers, abandoned bends
might also be observed after cutoffs. Due to the limited sediment supply and continuous vertical incision,
abandoned bends do not fill up and are found at higher elevations with respect to the active channel (Fig.
4.8c).
In meltwater meandering channels, cutoffs also lead to the formation of abandoned bends. As in the bedrock
case, the bends do not become oxbow lakes and remain at a higher elevation than the active channel.
Somewhat similar to the alluvial case where sedimentation and vegetation growth might hide the abandoned
bend from the naked eye, glacial surface ablation in the warm months and snowfall in the colder months
might completely obliterate supraglacial meandering channels.
4.5.2 Quantitative similarities and differences
Sinuosity values measured in meltwater channels are within the same range as those reported in the NCHRP
database (Fig. 4.10a). Differences exist between the specific meltwater channel types, however. The median
values measured in the mm-scale and Root Glacier channels are similar to each other and higher than the
median sinuosity of alluvial rivers in the NCHRP database (Table 4.1). The cm-scale channels have the
lowest sinuosities and their values are similar to those measured on the ice island channels. Both meltwater
channel types have lower median sinuosity values than those in the NCHRP database (Table 4.1).
At first, low sinuosities observed in the cm-scale channels were thought to be related to the initial planform
conditions under which the experiments were conducted and the relatively small amount of time over which
they were able to evolve (Fig. 4.11). These runs lasted approximately 30-35 minutes and were constrained
by the time it took for the upstream pond to melt through the ice block until water came out the bottom.
In spite of this, the behavior observed and values obtained, are similar to those reported by other authors.
In the case of Run 4 (Fig. 4.11, Table 4.2), sinuosity did not change significantly during the last ten minutes
of the run with measured values between 1.50 and 1.54 suggesting an approximate equilibrium had been
reached.
Leopold and Wolman (1960) observed that meandering took some time to develop after an irregular sheet
of water became channelized. Shallow channels had no well-developed meandering pattern, but deeper
channels with a width similar to that of the shallow channels showed well-developed sinusoidal patterns.
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As the channels incised vertically, sinuosity increased. This behavior matches what was observed in the
experiments (Fig. 4.11) and the range of values measured, 1.03-1.54 with a median value of 1.36 (Table
4.1), is similar to the range 1.1-1.7 reported by Zeller (1967) for meltwater streams in Swiss glaciers. The
values measured on the Peterman Ice Island also match these observations. The range of values observed is
1.25-1.95 with a median value of 1.50.
In the case of the mm-scale meandering channels, the range of sinuosity values observed is 1.50-2.92 with a
median value of 2.01. These values are higher than all other meltwater channels except for those measured
in the Root Glacier. The values measured there are also higher than the median of the rivers in the NCHRP
database, varying between 1.87 and 2.12 with a median value of 2.06.
The differences observed in the meltwater channels might be related to the ratio between vertical incision
rates and lateral migration rates. In a scenario under which lateral migration is assumed to remain constant
but vertical incision rates can vary, lower incision rates would favor smaller times for sinuosity growth
whereas higher incision rates would favor longer times for sinuosity to reach higher values. In other words,
the more dominant lateral migration is with respect to vertical incision, the faster sinuosity is expected
to grow. In addition, very high incision rates might suppress the formation of cutoffs by preventing two
parts of a bend developing in 3D from intersecting each other. The wavelength-to-width ratios measured
for meltwater streams are shown in Figure 4.10b and Table 4.1. The meltwater streams have values in the
range 5.0-13.1, with the smallest and largest values measured in the cm-scale runs (Table 4.1). The range
of measured values lies between what has been observed in alluvial rivers and other meltwater channels.
Karlstrom et al. (2013), plotted a compilation of 61 wavelength vs. width pairs for meltwater meandering
channels. Their values have the following statistics: Min. = 5.4; q1 = 9.2; Median = 10.8; q3 = 15.1; Max.
= 37.6. Here q1 is the middle value in the first half of the rank-ordered data set, and q3 is the middle value
in the second half of the same set. The rivers in the NCHRP database have q1 = 8.2; Median = 9.7; q3
= 12.1. The median values for the mm-scale, cm-scale and Ice Island, which vary between 6.8 and 7.9, are
smaller than previously reported data, and the Root Glacier channels are the only ones that have a slightly
larger median value of 11.1 as compared to the Karlstrom et al. (2013) data compilation and the NCHRP
database.
The median values obtained in this study might be smaller than previously reported data but a larger sample
would be needed to assess if the differences between the medians are significant. All previous data refer to
channels with 10−1 m < B < 101 m; we have extended this to include channels with widths varying between
10−3 m < B < 102 m.
Figures 4.10c and 4.10d show boxplots of the coefficients of fatness and skewness (Fig. 4.4) which were
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determined using the method presented by Vermulen et al. (2016). Using this method it was found that
53% of the bends in the rivers in the NCHRP dataset are round (ff > 0) and 57% are upstream skewed
(fs < 0). The method determined that 57% of the mm-scale, and 55% of the Root Glacier channel bends,
are round. In the case of the cm-scale and the ice island channels, half the bends were found to be round
and half angular.
The only meltwater channels showing preferential upstream skewness of their bends are the mm-scale ones
with 54% having a negative skewness coefficient. The bends in the cm-scale and Ice Island channels show
preferential downstream skewness and those in the Root Glacier do not show a preference.
In the context of alluvial rivers and in the absence of other information, upstream skewness was thought
to be predominant and therefore an indication of flow direction (Parker et al. 1982). The rivers in the
NCHRP dataset show preference for upstream skewness but the ratio is not as dominant as to indicate flow
direction based uniquely on planform images of channels. Moreover, the results presented herein suggest that
in environments where meandering is not caused by sediment erosion and deposition, downstream-skewed
bends are more common. An example from a different environment where downstream-skewed bends might
be more dominant is shown in Figure 4.7d. It shows a short reach of a meandering channel in karst, created
by bedrock dissolution. Almost all bends therein are downstream-skewed.
The results in Table 4.1 and Figure 4.10 show that the meltwater channels with lower sinuosities have more
downstream-skewed bends than otherwise, and that round bends are as common as angular bends. These
results might be related to the absence of sediment deposition, which has been inferred to contribute to the
development of upstream skewness and roundness of bends (Parker et al. 1982)
4.5.3 Aspect ratios, migration rates, and downstream trends
The results from the cm-scale laboratory meltwater channel runs are shown in Table 4.2. The median widths
and estimated depths were used to compute width-to-depth ratios for all channels. The values obtained vary
between 3.2 and 13.5 with a median value of 6.3. Parker (1975) included a set of 7 channels from the Barnes
Ice Cap with a median aspect ratio of 5.4 and Leopold and Wolman (1960) reported on two channels with
an aspect ratio of ∼ 8. Our laboratory cm-scale channels are within the range of what has been reported in
the literature.
Dimensionless lateral migration values measured vary between 1.6x10−4 and 4.9x10−4 (Run 01 values are
ignored because of issues with velocity measurement). In alluvial rivers, some lateral migration models
compute bank erosion by using a dimensionless migration coefficient that varies between 10−6-10−8 (e.g.
Motta et al., 2012). Our experiments show migration rates that are at least two orders of magnitude larger
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than typical values used in numerical models of alluvial river meandering. This result was expected and is
thought to be dependent on the temperature gradient between the flowing water and the ice boundary.
The Froude numbers obtained at different times during runs 02, 03 and 04 show both supercritical and
subcritical flow conditions (Table 4.2). In the analysis of Karlstrom et al. (2013), meandering is possible
when Fr >∼ 0.4 and the channel aspect ratios are between 5 and 10. These conditions were also observed
in our cm-scale experimental runs.
In all the cm-scale laboratory cases, the Froude numbers show a decreasing trend associated with a decrease
in flow velocity which is in turn associated with sinuosity growth and decreasing channel slopes (Table 4.2).
The decreasing trends observed in the downstream direction are related to the cooling of water as it flows
downstream. As the temperature gradient between flow and channel boundary decreases, thermal erosion is
less effective. Also, the rubber molds (e.g. Fig 4.9c) show larger vertical incision in the upstream portions
than the downstream portions. It would be difficult to control this downstream reduction in temperature
gradient in the laboratory, and indeed it can be expected to be common in the field as well.
Reynolds numbers (Re = URHν
−1) computed for the different runs are in the laminar (Re < 575) regime.
All values are below 200. Our laboratory experiments on meltwater meandering channels provide one more
set of examples of fluvial morphodynamic features that are possible by the interaction of purely laminar flow
with an erodible bed (Lajeunesse et al., 2010).
4.5.4 Surface tension effects in the laboratory meandering channels
The role of surface tension effects in the laboratory experiments, is determined by computing the Bond (Eq.
4.4) and Weber (Eq. 4.5) numbers.
B0 = ρgL
2σ−1 (4.4)
We = ρU
2Lσ−1 (4.5)
Where ρ = 999.9 kg/m3 is the density of water at 5◦C, g = 9.81 m/s2 is the acceleration of gravity, L is
a characteristic length scale of the flow, and σ = 0.0746 N/m is the surface tension of water at 5◦C. The
Bond number is a measure of the ratio of gravity forces to surface tension force. The Weber number is a
measure of the relative importance of inertial forces to surface tension force. In both cases, a value smaller
than unity indicates that surface tension effects are important.
Both dimensionless numbers were computed for the average channel characteristics in the cm-scale experi-
ments but only the Bond number was computed for the mm-scale experiments due to the lack of flow velocity
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measurements. The hydraulic radius (RH) was the typical length scale used for the cm-scale channels and
the average channel width was used for the mm-scale channels. Table 4.3 shows the parameters used and
the results obtained.
Table 4.3: Bond and Weber Numbers for the laboratory meandering channels.
Parameter mm-scale cm-scale
B[m] 0.0007 0.015
H[m] - 0.0025
RH [m] - 0.0019
U [m/s] - 0.125
ρ[kg/m3] 999.9
g[m/s2] 9.81
σ[N/m] 0.0749
Bo[−] 0.06 0.46
We[−] - 0.39
The results suggest that surface tension effects are important in both cases. Any model, looking at the
formation and evolution of meltwater channels in the laboratory scales presented herein, must account for
surface tension effects in its formulation and adapt all governing relations to the appropriate laminar regime
forms (Lajeunesse et al., 2010).
4.6 Conclusions
1. Meltwater meandering channels have lateral migration signatures that share many similarities with
meandering channels in other media regardless of scale and underlying mechanisms driving lateral
erosion. These include: pulsed lateral migration features, bend cutoffs, undercut banks and overhangs,
and abandoned bends.
2. Self-formed millimeter-scale meandering channels in the laboratory are very similar in planform mor-
phology to alluvial rivers, with a tendency for a majority of bends to be round and full and upstream
skewed.
3. Meltwater meandering channels have, in general, more downstream skewed bends than alluvial rivers.
Preferential downstream skewness is also observed in meanders formed by dissolution of bedrock,
suggesting that alluvium plays a role in setting conditions leading to upstream skewness.
4. In our experimental configuration, centimeter-scale laboratory meltwater meandering channels show
downstream decreasing temperatures which lead to decreasing trends in channel slope, flow velocity,
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vertical incision depths, lateral migration rates, Froude and Reynolds numbers.
5. Relatively slow sinuosity growth of meltwater meanders might be related to larger incision rates as
compared to lateral migration rates. Channels that incise vertically at a faster rate have in some sense
less time to migrate laterally, thus slowing down sinuosity growth.
4.6.1 Future research directions
Better constrained centimeter- or decimeter-scale laboratory experiments are necessary to assess long term
equilibrium of meltwater channels. Measurements must include inflow and outflow water temperatures,
vertical incision rates and flow velocities. A key aspect required to be able to run experiments for extended
periods of time is ambient temperature control. This would allow for the run to be temporarily stopped in
order to measure channel slopes and incision rates without affecting the overall run time due to melting of
the ice block. A key aspect for future research on meltwater streams is the relative importance of vertical
vs. lateral incision rates and their effect on channel and planform morphologies.
4.7 References
Allen, J. R. L. 1971. Bedforms due to mass transfer in turbulent flows: a kaleidoscope of phenomena. Jour-
nal of Fluid Mechanics, 49(1), 49-63.
Braudrick, C. A., W. E. Dietrich, G. T. Leverich, and Sklar, L.S. 2009. Experimental evidence for the
conditions necessary to sustain meandering in coarse-bedded rivers, Proceedings of the National Academy
of Sciences, USA, 106(40), 16,936-16,941.
Chatanantavet, P., and Parker, G. 2009. Physically based modeling of bedrock incision by abrasion, pluck-
ing, and macroabrasion, Journal of Geophysical Research, 114, F04,018, doi:10.1029/2008JF001044.
Constantine, J.A., and Dunne, T. 2008. Meander cutoff and the controls on the production of oxbow
lakes. Geology ; 36 (1): 23-26. DOI: https://doi.org/10.1130/G24130A.1
Culkin, J. B., and Davis, S.H. 1984. Meandering of water rivulets. AIChE Journal, 30(2): 263-267.
Davies, T.R.H., and Tinker, C.C. 1984. Fundamental characteristics of stream meanders. Geological Society
83
of America Bulletin, 95: 505-512.
Dahlin, B. 1974. A contribution to the study of meandering, M.S. thesis, University of Minn., Minneapolis,
Minn., 1974.
Dozier, J. 1970. Channel adjustments in supraglacial streams. Arctic Institute North America Research
Paper 57: 69-117.
Dozier, J. 1974. Channel adjustments in supraglacial streams. Icefield Ranges Research Project Scien-
tific Results, 4: 189-205.
Dozier, J. 1976. An examination of the variance minimization tendencies of a supraglacial stream. Journal
of Hydrology, 31: 359-380.
Ferguson, R. I. 1973. Sinuosity of supraglacial streams. Geological Society of America Bulletin, 84: 251-256.
Finnegan, N.J., and Dietrich, W.E. 2011. Episodic bedrock strath terrace formation due to meander migra-
tion and cutoff. Geology, 39(2): 143-146. DOI: 10.1130/G31716.1
Fisk, H.N. 1944. Geological investigation of the alluvial valley of the Lower Mississippi River. Conducted
for the Mississippi River Comission, US Army Corps of Engineers. 170pp.
Gu¨neralp, I., and Rhoads, B. 2008. Continuous characterization of the planform geometry and curvature of
meandering rivers. Geographical Analysis, 40(1): 1-25. DOI: 10.1111/j.0016-7363.2007.00711.x
Hackney, C.J., Best, J., Leyland, J., Darby, S.E., Parsons, D. and Aalto, R. 2015. Modulation of outer bank
erosion by slump blocks: Disentangling the protective and destructive role of failed material on the three-
dimensional flow structure. Geophysical Research Letters, 42: 10,663 - 10,670. DOI: 10.1002/2015GL066481
Inoue, T., Parker, G. and Stark, C.P. 2016. Morphodynamics of a bedrock-alluvial meander bend that
incises as it migrates outward: approximate solution of permanent form. Earth Surface Processes and Land-
forms, 42: 1342-1354. DOI: 10.1002/esp.4094
84
Karlstrom, L., Gajjar, P., and Manga, M. 2013. Meander formation in supraglacial streams. Journal of
Geophysical Research: Earth Surface, 118: 1897-1907. DOI: 10.1002/jgrf.20135.
Knighton, A.D. 1972. Meandering habit of supraglacial streams. Geological Society of America Bulletin,
83: 201-204.
Knighton, A.D. 1981. Channel form and flow characteristics of supraglacial streams, Austre Okstindbreen,
Norway. Arctic Alpine Research, 13(3): 295-306.
Knighton, A.D. 1985. Channel form adjustment in supraglacial streams, Austre Okstindbreen, Norway.
Arctic and Alpine Research, 17(4), 451-466.
Lagasse, P.F., Zevenbergen, L.W., Spitz, W.J., Thorne, C.R., Ayres Associates, Inc. 2004. Methodol-
ogy for Predicting Channel Migration. Prepared for: National Cooperative Highway Research Program
(NCHRP). Project 24-16. 214pp.
Lajeunesse, E., Malverti, L., Lancien, P., Armstrong, L., Mtivier, F., Coleman, S., Parker, G. 2010. Fluvial
and submarine morphodynamics of laminar and near-laminar flows: a synthesis. Sedimentology, 57: 1-26.
Langbein, W.B., and Leopold, L.B. 1966. River Meanders - Theory of Minimum Variance. US Geolog-
ical Survey Professional Paper 422-H. 19pp.
Le Grand Piteira, N., Daerr, A., and Limat, L. 2006. Meandering rivulets on a plane: a simple bal-
ance between inertia and capillarity? Physical Review Letters. 96(25): 25-30. DOI: 10.1103/Phys-
RevLett.96.254503.
Leopold, L.B., and Wolman, M.G. 1960. River Meanders. Bulletin of the Geological Society of Amer-
ica. 71: 769-794.
Marston, R. 1983. Supraglacial stream dynamics on the Juneau Icefield. Annals of the Association of
American Geographers, 73(4): 597-608.
85
Motta, D., Abad, J.D., Langendoen, E.J., Garcia, and Garcia, M.H. 2012. A simplified 2D model for meander
migration with physically-based bank evolution. Geomorphology, 163-164: 10-25. DOI:10.1016/j.geomorph.2011.06.036
Parker, G. 1975. Meandering of supraglacial streams. Water Resources Research, 11(4): 551-552.
Parker, G., Sawai, K., and Ikeda, S. 1982. Bend theory of river meanders. Part 2. Nonlinear deforma-
tion of finite-amplitude bens. Journal of Fluid Mechanics, 115: 303-314.
Pelletier, J.D., and Baker, V.R. 2011. The role of weathering in the formation of bedrock valleys on Earth
and Mars: A numerical modeling investigation. Journal of Geophysical Research, 116: E11007. DOI:
10.1029/2011JE003821.
Seminara, G. 2006. Meanders. Journal of Fluid Mechanics. 554: 271-297. DOI: 10.1017/S0022112006008925.
Sklar, L.S., and Dietrich, W.E. 2004. A mechanistic model for river incision into bedrock by saltating
bed load. Water Resources Research, 40: W06301. DOI: 10.1029/2003WR002496.
Strick, R.J.P., Ashworth, P.J., Awcock, G., and Lewin, J. 2018. Morphology and spacing of river me-
ander scrolls. Geomorphology, 310: 57-68. DOI: 10.1016/j.geomorph.2018.03.005
Thorne, C.R., and Tovey, K. 1981. Stability of composite river banks. Earth Surface Processes and Land-
forms, 6: 469-484.
Veress, M., and To´th, G. 2004. Types of meandering karren. Zeitschrift fr Geomorfologie N.F. 48(1):
53-77.
Vermulen, B., Hoitink, A.J.F., Zolezzi, G., Abad, J.D., and Aalto, R. 2016. Multiscale structure of me-
anders. Geophysical Research Letters, 43: 3288-3297. DOI: 10.1002/2016GL068238.
Whipple, K.X., Hancock, G.S., and Anderson, R.S. 2000. River incision into bedrock: Mechanics and
relative efficacy of plucking, abrasion, and cavitation. Geological Society of America Bulletin, 112: 490-503.
86
Zeller, J. 1967. Meandering channels in Switzerland. Symposium on River Morphology, International Asso-
ciation of Scientific Hydrology. 75:174-186.
87
Appendix A
Information about image acquisition
and processing
A Nexus 7 (2013) tablet was installed above the Kinoshita flume. A surveillance application called IP We-
bcam was used to download the images from the tablet to the computer. The raw images from the tablet
(Fig. A.1) were downloaded every 10 seconds. All images were then processed in MatLab.
A mask, following the perimeter of the middle bend of the Kinoshita fume, which is the region of interest
Figure A.1: Image processing steps for the calculations of alluvial cover in the middle bend of the Kinoshita
flume.
ROI for the study, was drawn once and then applied to all images in the series. The mask is a matrix that
contains ones inside the ROI and zeros outside. To apply the mask, element by element multiplication is
used. Therefore, after multiplying the mask by every image in the series, the resulting images are cropped
and only the information inside the ROI remains (Fig. A.1.2). The cropped images were converted to gray
scale in MatLab using the ‘rgb2gray’ function (Fig. A.1.3). Then, using the method of Otsu (1979), as
implemented in MatLab (‘graythresh’ function), the images were binarized (Fig. A.1.4). Within the binary
image, the exposed bedrock areas correspond to white pixels, and therefore have a value of 1, and the allu-
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vium which is black has a value of zero. The total area of the bend corresponds to the total number of pixels
inside the mask (N). The area of exposed bedrock corresponds to the sum of all pixels in every image. Since
only the exposed bedrock areas contribute to the sum, the result corresponds to the exposed bedrock area.
The percent of alluvial cover is calculated as shown in the equation shown below. The result is a temporal
series of alluvial cover (Fig. A.1.5).
pcROI =
N−∑Ni=1 pxi
N
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Appendix B
Information about the eTape liquid
level sensors
An eTape (Fig. B.1) is a sensor with a resistive output that varies with the level of fluid in which it is
immersed. The resistive output of the sensor is inversely proportional to the height of the water. Low
water depths correspond to high output resistance. Conversely, high water depths, correspond to low output
resistance.
Figs. B.1a and B.1b show an eTape sensor and Fig. B.1c shows the results of a test conducted with an
eTape. The eTape was placed inside a water container. The outlet tube at the bottom was opened at
approximately t = 35 s. An air bubble came into the bottle creating the oscillations observed in the curve.
A few seconds later, water began to drop down in elevation thus increasing the resistive output from the
eTape.
Figure B.1: (a) eTape sensor installed in the Kinoshita flume; (b) close-up to the top portion of the eTape
sensor; (c) Example of eTape output and actual water elevation during a simple test conducted inside a
water container. Curve corresponds to the measurements after the outlet tube was opened.
eTapes were installed inside the flume at the locations shown in Fig. 3.1a in Chapter 3. They were all
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connected to an Arduino Mega board which was programmed to output to a computer terminal at a frequency
of 10 Hz. Fig. B.2 shows the connections to the Arduino Mega. Since this board has 16 connections, it was
set up so as to be able to control as many eTapes but in the experiments presented in this study only the
four eTapes shown in Figure B.1a were connected.
Conversion of the raw sensor output to water levels required calibration. The calibration was conducted
to relate the actual water elevation, as read from the marks printed on the sensor (Fig. B.1b), to the
electric output in the computer terminal. This process was conducted inside the Kinoshita flume. Once the
eTapes were installed, the flume was filled to known water elevations in the upstream tank in 1.25 cm (1/2”)
intervals. The elevation on each eTape sensor was read and written. The output to the computer terminal
was recorded for 300 seconds.
Figure B.2: (a) Top, (b) bottom, (c) right and (d) left sides of Arduino Mega board with all cables connected.
Each 300 second series was loaded into MatLab and the median value was calculated. This median value
was associated with the elevation read directly from the sensor. The process was repeated until the range of
depths in which the experiments were expected to be conducted was covered. Fig. B.3 shows the calibration
for the eTape located at CS20. A second order polynomial was fit and its coefficients used in the routine to
compute instantaneous water surface elevations during the experimental runs.
The wiring diagram is shown in Fig. B.4 and the Arduino code used is attached to the end of this appendix.
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Figure B.3: Calibration values for eTape located at streamwise location 20m.
Figure B.4: Wiring diagram for eTapes and Arduino board. Prepared by: Alejandro Vitale.
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/* 
 eTape Readings by Dr. Alejandro Vitale and R. Fernández
 Reads analog inputs from the eTape liquid level sensor
*/
// Include
#include <MsTimer2.h>
// Def
#define NETAPE 16                   // number of eTapes
#define LED_PIN 13
#define TM 100                  // msec sample period
// Global Vars 
float        raw_eTape[NETAPE];         // Raw eTape data
boolean      blinkState = true;         // Led state  
// Setup 
void setup()
{
  // Initialize serial communication 
  Serial.begin(57600); 
  
  // Conect one eTape ref to Arduino Aref 
  analogReference( EXTERNAL );
  
  // Timer 2 Interrupt
  MsTimer2::set(TM, timerInt); // 100ms period
  MsTimer2::start();  
  
  //
  pinMode(LED_PIN, OUTPUT);
  digitalWrite(LED_PIN, blinkState);  // Led On
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}// Timer 2 Interrupt function
void timerInt(){
  ad_convert();
  WriteToTerminalInst();
}
// A/D Conversion from eTape
void ad_convert(){
  for (int i=0; i<NETAPE; i++){
    raw_eTape[i] = analogRead(i); 
  }   
}  
// Write To terminal Instantaneous data
void WriteToTerminalInst(){
  // milliseconds 
  float ms = millis();
  Serial.print( ms / 1000 );
  Serial.print( "\t"); 
  
  for (int i=0;i<NETAPE; i++){
    Serial.print( raw_eTape[i] );
    Serial.print( "\t"); 
  } 
  //
  Serial.println();   
  
  // blink LED to indicate activity
  blinkState = !blinkState;
  digitalWrite(LED_PIN, blinkState);
}
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Appendix C
Laboratory and field meltwater
meandering channel centerlines
This section includes images showing digitized centerlines for the mm-scale experiments, the Peterman Ice
Island and the Root Glacier.
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Figure C.1: First set of mm-scale digitized channel centerlines. From top-left to bottom-right, channels
correspond to mm01 to mm09.
Figure C.2: Second set of mm-scale digitized channel centerlines. From bottom-right to top-left, channels
correspond to mm10 to mm17.
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Figure C.3: Digitized meltwater meandering channels over Peterman Ice Island. Source: ISS Crew Earth
Observations experiment and Image Science and Analysis Laboratory, Johnson Space Center.
Figure C.4: First digitized channel on Root Glacier, Alaska. Source: Google Earth.
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Figure C.5: Second and third digitized channels on Root Glacier, Alaska. Source: Google Earth.
Figure C.6: Fourth digitized channel on Root Glacier, Alaska. Source: Google Earth.
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Figure C.7: Fifth and sixth digitized channels on Root Glacier, Alaska. Source: Google Earth.
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Appendix D
Links to videos
• Video of the middle bend of the Kinoshita flume during run ‘BA2’ showing freely-migrating bars.
https://youtu.be/IRf697h4ZiI
• Video of the middle bend of the Kinoshita flume showing the erosion front extracted from the images
acquired during run ‘pc79’. https://youtu.be/Um2lviC5WbE
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